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Description 

Background of the invention 
Field of the invention 

The invention r lates gen rally to s parations 
and catalytic chemical reactions conducted in the 
gas or vapour phase. Some particular applica- 
tions include gas separation or purification com- 
bined with waste heat recovery, generation of 
already compressed and preheated oxygen for 
combustion, natural gas purification and com- 
pression, hydrogen isotope separation, ammonia 
or methanol synthesis, and steam reforming of 
methane. 

Prior art 

Gas separation by pressure swing adsorption is 
achieved by cyclic flow of a gas mixture over. an 
adsorbent bed which more readily adsorbs a 
fraction of the mixture. The term "swings" refers 
to periodic variations of pressure. The total 
pressure, i.e. sum of partial pressures of the 
gases, is elevated during intervals of flow in a first 
direction and is reduced during alternating inter- 
vals of flow in the reverse direction. According to 
the well known parametric pumping separation 
principle, the less readily adsorbed fraction tends 
to migrate in the first direction over complete 
cycles while the more readily adsorbed fraction 
tends to migrate in the reverse direction. 

The conventional process for gas separation by 
pressure swing adsorption uses two or more 
adsorbent beds with directional valving to control 
the flow of compressed feed gas over each bed in 
alternating sequence, while the other bed is 
purged at low pressure by the reverse flow of a 
portion of the product gas. This conventional 
process makes inefficient use of mechanical 
energy, because the compression energy of the 
feed gas is largely dissipated over the valves. 
Another common name for pressure swing 
adsorption gas separation is "heatless adsorp- 
tion", which seems to deny the possibility of a 
beneficial effect^by thermal coupling to heat 
sources or heat sinks to improve pressure swing 
adsorption apparatus as disclosed in the present 
invention. 

Conventional gas separation processes 
(including pressure swing adsorption, cryogenic 
distillation and membrane permeation) are 
powered by mechanical energy. The energy 
intensiveness of air separation is a major obstacle 
to widen use of enriched oxygen in high tempera- 
ture processes such as solid fuel gasification. An 
efficient air separation process powered by waste 
heat would address this need. 

Some secondary and adverse thermal effects 
do arise in operation of conventional pressure 
swing adsorption gas separation apparatus, par- 
ticularly those using large adsorption beds with 
poor heat exhange to ambt nt. The adverse 
effects include cyclic release and take-up of the 
latent heat of adsorption which causes a tempera- 
ture swing of the adsorbent bed which acts in 
opposition to the pressure swing. Adsorption is 
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increased by higher pressure and/or reduced 
temperature, and conversely is decreased by 
low r pressure and/or higher temperatures. 
Examples of single bed pressure swing adsorp- 
s tion d vices are found in U.S. Pat. No. 3,121,625 
(Broughton), U.S. Pat. No. 3,164,454 (Wilson), 
U.S. Pat. No. 3,236,028 (Rutan), U.S. Pat. No. 
4,169,715 (Eriksson), U.S. Pat. No. 4,194,892 
(Jones et al), U.S. Pat. No. 4,207,084 (Gardner), 

10 and U.S. Pat. No. 4,354,859 (Keller et al). Most of 
the above references use mechanical volume 
displacement means at one or both ends of the 
adsorbent bed to generate cyclic flow and 
pressure variations in the bed. The Keller patent 

15 uses mechanical volume displacement means at 
both ends of the adsorbent bed, with a specified 
range of phase angles between the two volume 
displacement means of unequal displacement. 
None of these references contemplates the integ- 

20 ral coupling of a pressure swing adsorption pro- 
cess with a regenerative thermal power or heat 
pump cycle as in the present invention. 

A temperature swing adsorption separation 
process known as "recuperative parametric 

25 pumping" was described by Wilhelm (R. H. 
Wilhelm, A. W. Rice andjA. R. Bendelius, Ind. Eng. 
Chem. Fundamentals 5,^41, (1966) with applica- 
tions to liquid phase separation. A fluid mixture 
was made to flow cyclically in forward and 

30 reverse directions in an adsorbent bed with an 
imposed thermal gradient between hot and cold 
ends. The heat capacity of the fluid mixture was 
large with respect to the heat capacity of the 
adsorbent material, in order to obtain thermal 

35 cycling of each adsorbent pellet. 

The present invention can be considered as 
subjecting a flow of a gas mixture to a Stirling 
cycle or other thermodynamic regenerative cycle 
which has been changed to operate as an open 

40 cycle to perform thermally coupled pressure 
swing adsorption separations. This contrasts with 
a conventional Stirling cycle machine which has a 
closed working volume filled with a gaseous 
working fluid. The working volume includes hot 

45 and cold spaces, whose voume is varied by 
mechanical volume displacement means recipro- 
cating out of phase. A thermal regenerator is in 
the flow path connecting the hot and cold spaces. 
In a conventional Stirling machine heat capacity 

50 of the working fluid is desirably very low with 
respect to the heat capacity of the regenerator 
materials so that the temperature swing at each 
point of the regenerator will be minimal. This 
temperature swing of the regenerator results in 

55 non-isothermal conditions in the regenerator and 
is an unavoidable source of inefficiency in con- 
ventional Stirling type machine. 

The out of phase reciprocation of the volume 
displacement means causes cyclic flow of the 

60 working fluid thr ugh the regenerator. Cyclic 
pr ssure variations are associated with alterna- 
tive heating or cooling of gas flowing respectiv ly 
into the hot or cold spaces, and with variations of 
total working volume. If volume changes in the 

65 hot space have a leading phase with r spect to 
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volume changes in the cold space, th Stirling 
machine is an engine. Conversely, the Stirling 
machine is a heat pump or refrigerator when 
volume changes in th hot space lag volum 
changes in the cold space. Related machines 
include thermocompressors, Vuilleumier 
thermally powered refrigeration machines, and 
Gifford-McMahon pressure powered refrigeration 
machines. 

In Stirling type machines operated as cryogenic 
refrigerators, performance deteriorates at very 
low temperatures where the heat capacity of 
regenerator materials ceases to be very large 
relative to the heat capacity of the helium gas 
working fluid. As disclosed in U.S Patent 
3,262,277 (Nesbitt), a solid adsorbent material can 
improve performance of thermal regenerators 
operating below 20 degrees K, as the effective 
heat capacity is increased by the presence of 
adsorbed helium in the regenerator material. 
Under the steady state operating conditions 
envisaged by Nesbitt, the adsorbed helium phase 
is essentially static, contrary to the requirements 
of a gas separation or purification process. Signi- 
ficant rates of cyclic adsorption and desorption 
would entail corresponding release and take-up 
of a latent heat of adsorption, degrading 
regenerator thermal performance in a Stirling 
type refrigerator. Successful operation of the 
Nesbitt patent depends on suppression of cyclic 
pressure swing adsorption and desorption 
through substantial cancellation by opposing 
temperature swing effects over the adsorbent in 
the regenerator, and probably also through 
capillary condensation of liquid helium in adsor- 
bent pores which causes known pressure hys- 
teresis effects inhibiting desorption from pores 
filled with liquid adsorbate. High speed operation 
may also tend to suppress cyclic adsorption and 
desorption. 

Use of rapidly dissociating gases such as nitro- 
gen tetroxide as working fluid in Brayton and 
Stirling closed cycle engines is proposed in U.S. 
Patent No. 3,370,420 (Johnson). The dissociation/ 
recombination reaction increases gas volume in 
the hot space and thus improves engine work 
ratio. Use of a catalyst in the regenerator of a 
Stirling engine using a dissociated gas working 
fluid has been proposed in U.S. Pat. No. 3,871,179 
(Bland) with the object of obtaining enhanced 
reaction rates in closed cycle Stirling engines with 
high work ratio. In these inventions, the forward 
reaction is exactly cancelled by the reverse reac- 
ton over each cycle because reaction products are 
trapped in the engine spaces. As there is no 
means to drive the reaction off equilibrium, these 
invent! ns cannot be applied to chemical syn- 
thesis processes. Therefore it has not hitherto 
been possible to apply the closed Stirling cycle to 
rec ver heat from xothermic chemical synthesis 
reactions, or to supply heat for end thermic 
reactions, while using the reacting gases as the 
Stirling machine working fluid. 

Fundamental problems in ch mical proc ss 
industry include the removal of r action product 



species and exothermic reaction heat from cata- 
lyst beds. High temperatures promote good reac- 
tion rates, but shift the equilibrium of an exother- 
mic reaction toward lower conversion. These 
s problems and their conventional solutions are 
exemplified by the important chemical process of 
ammonia synthesis, which proceeds by th 
exothermic reaction: — 

10 3H 2 +N 2 s=>2NH 3 

This reaction takes place over a promoted iron 
catalyst at a typical pressure of 200 atmospheres 
and a typical temperature of 750 degrees K. The 

is hydrogen and nitrogen feed gases are stringently 
purified (apart from minor amounts of "inert" 
gases such as argon and methane, which are non- 
reactive in the ammonia synthesis loop, and are 
compressed to the high working pressure. In 

20 order to remove the product and thus drive the 
synthesis reaction over the catalyst bed off equi- 
librium, the gas mixture of reagents and pro- 
duced ammonia is recirculated between the hot 
catalyst bed and a cool ammonia separator/con- 

25 denser. This recirculation requires a recycle com- 
pressor and a recuperative heat exchanger. To 
prevent excessive catalyst heating from the 
exothermic reaction, temperature control is 
achieved either by energy inefficient quenching 

30 by injection of cool feed gas, or by heat exchange 
to an external waste heat recovery power cycle. A 
Brayton cycle gas turbine heat recovery approach 
for ammonia synthesis is disclosed in U.S. Pat. 
No. 4,224,299 (Barbet et al) and U.S. Pat. No. 

35 4,273,743 (Barber et al). Unless the synthesis loop 
operates at very high pressure, a refrigeration 
plant is needed to condense liquid ammonia at 
the cool end of the synthesis loop. Means are 
provided for purging accumulated inerts from the 

40 loop, and valuable hydrogen from the purge gas. 
Considerable research attention has been 
devoted to improving productivity or selectivity f 
catalytic chemical reactors through cyclic oper- 
ation forced by periodic variation of feed com- 

45 position or temperature cycling. For example, it 
was found by (A. K. Jain, Ph.D. Thesis, University 
of Waterloo Ontario) that forced feed composition 
cycling at periods of several minutes improv d 
the productivity of the ammonia synthesis reac- 

so tion. However operation of the ethylene hydro- 
genation reaction over a nickel catalyst with 
pulsating pressure and flow was tested by Baiker 
et al (A. Baiker and W. Richarz, Chem.lng.Tech 48, 
1203, (1976)), who found that catalyst productivity 

55 was reduced relative to steady state operation. 
While it has been shown that in many cases cyclic 
op rati n can improve reaction productivity r 
selectivity under laboratory conditions, there 
remains a need for full scale react rs capable f 

60 beneficially exploiting a wide range f periodic 
phenomena which may be based on cyclic com- 
position, temperature, flow or pressure vari- 
ations. 

Chromatographic effects have be n found t 
65 enable some catalytic reactions to b driv n 
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b yond normal equilibrium constraints, when the 
r verse reaction is suppress d by opposite 
separation of products species as puis s of a feed 
r actant migrate through a catalyst bed in the 
presence of a continuously flowing carrier gas, 
which may be a second reactant. Chromatog- 
raphic reactors are disclosed in U.S. Pat. No. 
2,976,132 (Dinwiddle and Morgan) and in Cana- 
dian Pat. No. 631,882 (Magee). It was found by 
Unger and Rinker (B. Unger and R. Rinker, Ind.E- 
ng.Chem., Fundam; 75,226 (1976)) that ammonia 
synthesis could be conducted to high conversions 
beyond equilibrium at relatively low pressure by 
pulsing nitrogen, with hydrogen as the carrier, 
through a packed bed of catalyst mixed with 
adsorbent. These chromatographic reactors have 
severe limitations, including low catalyst produc- 
tivity because of the interval between feed pulses, 
and the mixing of dilute product species in the 
carrier gas. 

Closed cycle Stirling machines have been 
developed strictly as devices for conversion 
between thermal and mechanical forms of 
energy. The complex internal regime in which 
pressure, temperature and velocity vary con- 
tinuously with time and location in Stirling 
machines has not previously been found useful 
for gas separations or chemical synthesis 
between components of the working fluid as 
taught in the present invention. 

Summary of the invention 

The invention reduces the difficulties and dis- 
advantages of the prior art by providing a process 
and apparatus for gas separation, and also for gas 
phase chemical reactions which improves the 
yield of such reactions and simultaneously can 
also reduce energy consumption and complexity 
of such prior art processes. Furthermore, the 
invention utilizes a relatively simple apparatus in 
which mechanical valving for gas flow, heat 
transfer processes, and throttling of high pressure 
gases to low pressure are reduced considerably, 
thus simplifying construction and maintenance of 
such plants. Furthermore, the invention utilizes 
the well known Stirling cycle, or a similar 
regenerative, thermodynamic cycle, for use with 
these gas separations and synthesis, which has 
been found to provide desirable flow and 
pressure characteristics over an adsorbent bed. 
Furthermore the invention utilizes the tempera- 
ture gradient found in a Stirling cycle machine to 
enhance gas separations. 

The invention may be considered as modifying 
a gas separation process using pressure swings 
over an adsorbent bed, which has been modified 
by superimposing on the bed a thermal 
regenerator subjected to a temperature gradient 
or thermal gradient from a Stirling cycl machin . 
Alternatively, the process may be c nsidered as 
modifying an xisting Stirling cycle machine by 
providing, in co peration with the thermal 
regenerator of the Stirling cycle machine, an 
adsorbent bed which adsorbs on or more of the 
gas components within the Stirling cycl , which 



has been further modified to incorporate inlet and 
outlet means to admit and to exhaust gas from 
the normally closed Stirling cycle. 

US — A — 4,354,859, for example, discloses a 
5 device and method according to the preamble of 
the independent claims. 

According to a first aspect of the invention, 
there is provided a process for separating com- 
ponents of a gas mixture containing a first com- 
10 ponent which is more readily adsorbed and a 
second component which is less readily adsorbed 
by an adsorbent material, the process including 
the steps of: 

introducing the gas mixture into a working 
is volume having a flow path containing the adsor- 
bent material within an adsorbent bed; 

cyclically reversing direction of flow of the gas 
mixture along the flow path so that direction of 
the flow alternates between opposite ends of th 
20 flow path, cyclically varying the total pressure of 
the gas mixture between upper and lower 
pressure limits within the working volume; 

simultaneously coordinating a phase relation- 
ship between the cyclic pressure variations and 
25 the cyclic flow reversals relative to the adsorbent 
bed such that the first component is preferentially 
adsorbed and immobilized by increased pressur 
on the adsorbent bed when the gas flows in one 
direction, and the first component is preferentially 
30 desorbed when the pressure is decreased and the 
flow is reversed; 

removing from adjacent one end of the adsor- 
bent bed a first gas fraction enriched in the first 
component, and removing from adjacent th 
35 opposite end of the adsorbent bed a second gas 
fraction depleted in the first component; 

providing in the flow path first and second 
spaces disposed adjacent opposite ends of the 
regenerator combination, the spaces being at 
40 different temperatures to expose the regenerator 
combination to a thermal gradient; and 

passing the flow of gas through the spaces in 
series with the regenerator; the process being 
characterised by: 
45 providing in the flow path a thermal 
regenerator to cooperate with the adsorbent bed 
to produce an adsorbent/regenerator combina- 
tion; 

passing through the adsorbent/regenerator 
so combination the flow which passes along the flow 
path; and 

generating the cyclic pressure variations and 
the cyclic flow reversals by first cyclic gas volume 
displacements associated with the first space and 
55 by second cyclic gas volume displacements asso- 
ciated with the second space, such that the first 
cyclic gas volume displacements have a leading 
phase angle with respect to the second cyclic gas 
volume displac ments, so as t subject the gas 
60 flow to cyclical reversals of temperatur , together 
with the cyclical r versals of pressure and direc- 
tion flow, s as to facilitate separati n f the gas 
into the first and second fractions, and achieve 
conversion betwe n thermal en rgy and com- 
es pr ssion energy in the gas mixture. 
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According to a s cond aspect of the inv ntion, 
there is provided a process of operating a modified 
Stirling cycle machine wherein an internal working 
volume containing a gas has a flow path contain- 
ing first and second spaces and a thermal 
regenerator disposed between the spaces, the first 
and second spaces being at different temperatures 
to expose the regenerator to a thermal gradient, 
the process including the steps of: 

cyclically reversing direction of flow of the gas 
along the flow path so that direction of flow 
alternates between opposite ends of the flow path; 
and 

cyclically varying pressure of the gas between 
upper and lower pressure limits within the work- 
ing volume so that a phase relationship exists 
between the cyclic pressure variations and cyclic 
flow reversals relative to the thermal regenerator, 
the process being characterized by: 

(a) providing between the spaces an adsorbent 
bed containing adsorbent material to cooperate 
with the thermal regenerator to produce an adsor- 
bent/regenerator combination; 

(b) introducing into the working volume a gas 
mixture containing a first component which is 
more readily adsorbed by the adsorbent material, 
and a second component which is less readily 
adsorbed by the adsorbent material; 

(c) generating the cyclic pressure variations and 
the cyclic flow reversals by first cyclic gas volume 
displacements associated with the first space and 
by second cyclic gas volume displacements asso- 
ciated with the second space such that the first 
cyclic gas volume displacements have a leading 
phase angle with respect to the second cyclic gas 
volume displacements; 

(d) simultaneously when coordinating the phase 
relationship between the cyclic pressure vari- 
ations and the cyclic flow reversals relative to the 
regenerator combination, preferentially adsorbing 
and immobilising the first component on the 
combination bed by increased pressure when the 
gas flows in one direction, and preferentially 
desorbing the first component by decreasing the 
pressure when the flow direction is reversed; and* 

(e) removing from one end of the regenerator 
combination a first gas fraction enriched in the first 
component, and removing from the opposite end 
of the regenerator combination a second gas 
fraction depleted in the first component, thereby 
also achieving conversion between thermal 
energy and compression energy in the gas mix- 
ture. 

According to a third aspect of the invention, 
there is provided an apparatus for separating 
components of a gas mixture containing a first 
component which is mor readily adsorbed and a 
sec nd component which is I ss readily adsorbed 
by an ads rbentmat rial, the apparatus including 
a body having an internal working volume having 
first and second spaces, a flow path inter-connect- 
ing the first and second spaces, and an adsorb nt 
bed containing the adsorb nt material and pr - 
vided in the flow path between the spaces, inlet 
means to admit gas mixture into the working 
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volume, and outlet means to discharge gas fr m 
adjacent opposite ends of the adsorbent b d, 
volume displacement means associated with the 
first and s cond spaces, reciprocating means 

5 cooperating with the volume displacement means 
so as to produce cyclic variations in total pressure 
and cyclic reversals in direction of flow of the gas, 
the reciprocating means determining a phase 
relationship between the cyclic variations of 

10 pressure in the gas and and directions of flow of 
the gas over the adsorbent bed, so that flow under 
reduced pressure past the adsorbent bed towards 
one space is enriched in the first more readily 
adsorbed component, while reverse flow under 

15 increased pressure past the adsorbent bed 
towards the opposite space is depleted in the first 
more readily adsorbed component, the apparatus 
being further characterised by: 

(a) a thermal regenerator cooperating with the 
20 adsorbent bed to produce an adsorbent/ 

regenerator combination provided in the flow path 
between the spaces to receive flow which passes 
along the flow path, 

(b) means for maintaining the first and second 
25 spaces at different temperatures to expose the 

regenerator combination to a thermal gradient, so 
as to subject the gas flow to cyclical reversals of 
temperature together with the cyclical reversals of 
pressure and direction of flow so as to facilitate 
30 separation of the gas mixture into a first gas 
fraction enriched in the first component, and a 
second gas fraction enriched in the second com- 
ponent, 

(c) the reciprocating means cooperating with the 
35 first and second volume displacement means so 

that the displacement means reciprocate at the 
same frequency, and the volume of gas displayed 
by the first volume displacement means leads the 
volume of gas displaced by the second volume 

40 displacement means by a phase angle of between 
zero degrees and 180 degrees. 

According to a fourth aspect of the invention, 
there is provided an apparatus which resembles a 
modified Stirling cycle machine, the apparatus 

45 including a body having an internal working 
volume having first and second spaces, a flow path 
for gas inter-connecting the first and second 
spaces, a thermal regenerator provided in the f I w 
path between the first and second spaces, the first 

so and second spaces being at different temperatures 
to expose the regenerator to a thermal gradient, 
first and second volume displacement means 
communicating with the first and second spaces 
respectively, reciprocating means cooperating 

55 with the first and second volume displacem nt 
means so that the first and second volume dis- 
placement means reciprocate at the same fr - 
quency t produce cyclic variati ns in total 
pr ssur and in direction of flow f the gas, the 

60 reciprocating means determining phase angle 
between cyclic variations f pressure in the gas 
and flow directions f the gas over th 
regenerator, the apparatus being characterized 
by: 

65 (a) an adsorbent bed c ntaining adsorb nt 
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material cooperating with the thermal regen rator 
to produce an adsorbent/r g nerator combination 
disposed between the first and s cond spaces, 

(b) the gas being a gas mixture containing a first 
component which is more readily adsorbed and a 
second component which is less readily adsorbed 
by the adsorbent material, 

(c) inlet means to admit the gas mixture into the 
working volume, and outlet means to discharge 
gas fractions from opposite ends of the 
regenerator combination, 

(d) the reciprocating means subjecting the gas 
flow to cyclical reversals of pressure and direction 
flow so that flow under decreased pressure of a 
first gas fraction past the regenerator combination 
towards one space is enriched in the first more 
readily adsorbed component and is discharge 
through one outlet means, and flow under 
increased pressure of a second gas fraction past 
the regenerator combination towards the remain* 
ing space is depleted in the first more readily 
adsorbed component, and the second gas fraction 
is removed through another outlet means, 

(e) the reciprocating means cooperating with the 
first and second volume displacement means so 
that the displacement means reciprocate at the 
same frequency, and the volume of gas displaced 
by the first volume displacement means leads the 
volume of gas displaced by the second volume 
displacement means by a phase angle of between 
zero degrees and 180 degrees. 

Gas enriched in more readily adsorbed gas 
component(s) and heat at one temperature are 
delivered at one end of the regenerator combina- 
tion, while gas enriched in less readily adsorbed 
component(s) is delivered to the other end of the 
regenerator combination which accepts heat at 
another temperature. Net transport of heat and the 
more readily adsorbed gas components are in the 
same direction, while less readily adsorbed gas 
component(s) are transported in a reverse direc- 
tion. Some conversion between heat and mechan- 
ical or compression energy is achieved. 

The Stirling type machine of the present inven- 
tion can operate either as a thermally powered 
engine, or as a heat pump or refrigerator. When 
operating as an engine it may deliver useful 
mechanical or compression work in addition to 
performing a gas separation. When operating as a 
heat pump or refrigerator, it may perform useful 
heating or cooling functions in addition to the gas 
separation function. 

As stated previously, in the conventional Stirling 
engine there is an unavoidable source of ineffi- 
ciency due to non-isothermal conditions at each 
point of the thermal regenerator. This results in 
temperature swings of the conventional thermal 
regenerator which are reduced or eliminated in the 
engine embodiment of the present invention 
wh re the heat of adsorption released, (or heat of 
desorption taken up), contributes to more nearly 
isothermal conditi ns at each point in the 
regenerator b d. This is becaus cyclic heat 
generation will oppose the normal temperature 
swing that would arise in conventional Stirling 



engine regenerators. This is a unique advantage of 
the invention in the engine embodiment, but not in 
the heat pump and refrigerator embodiment this 
advantage is not found, and steps are taken to 

s reduce undesirable temperature swings in these 
other embodiments. 

The present invention also applies to gas phase 
reactions, many of which are enhanced by use of a 
catalyst. In the case of an exothermic reaction, the 

w heat of reaction assists in driving the Stirling 
engine internally. Alternatively enough heat may 
be supplied to a Stirling engine to drive both the 
engine and the reaction. In the case of an endother- 
mic reaction, the Stirling heat pump would supply 

15 the heat of reaction internally. In some instances, 
when using a catalyst, catalyst productivity is 
enhanced by pressure swing operation. Also, 
when considering secondary cyclic temperature 
and composition effects, the apparatus generates 

20 cyclic variations of pressure, flow and gas com- 
position over the catalyst and adsorbent beds, and 
thus provides great flexibility to exploit these 
variations, so as to improve productivity, conver- 
sion and selectivity in certain catalytic reactions. 

25 In chemical gas phase reactions the invention 
provides closed integration of a catalytic or non- 
catalytic reactor with an adsorbent bed and the 
Stirling thermodynamic cycle. The adsorbent bed 
separates reactants and products of the chemical 

30 reaction to drive the reaction toward high conver- 
sion; while the Stirling cycle removes and usefully 
converts heat from exothermic reactions or pro- 
vides heat to endothermic reactions. The exother- 
mic reactions take place in the space associated 

35 with a leading phase volume displacement, while 
endothermic reactions take place in the space 
associated with the lagging phase volume dis- 
placement. 

A detailed disclosure following, related to 
40 accompanying drawings, describes several pre- 
ferred apparatus and methods according to the 
invention, which are capable of expression in 
apparatus and methods other than those particu- 
larly described and illustrated. 

Description of the drawings 

Figure 1 is a simplified schematic of a Stirling 
cycle pressure swing adsorption apparatus, 
including a modification to provide a lowtempera- 

so ture pressure swing adsorption apparatus with 
Stirling cycle per refrigeration, 

Figure 2 is a simplified diagram in graph form, 
showing temperature and gas composition 
regimes adjacent an adsorbent/regenerator com- 

55 bination of the Fig. 1 embodiment for a two 
component mixture and associated wavefront, 

Figure 3 is a simplified temperature profile for a 
Stirling cycle ngine mbodiment, assuming 
isothermal expansi n and compression, adjacent 

60 the regenerator combinati n f Fig. 1 mbodi- 
ment, 

Figure 4 is a simplifi d temperature profile for a 
Stirling cycl heat pump embodiment, which is 
analogous to the Fig. 3 temperature profile, 
65 Figure 5 is a simplified sch matic f a single 
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displacer thermocompressor pr ssure swing 
adsorption apparatus, 

Figure 6 is a simplified schematic of a thermally 
coupled pressure swing adsorption apparatus 
with two displacers, 

Figure 7 is a simplified schematic of a gas 
separation apparatus powered by a heat source, 
with a portion of the adsorbent/regenerator com- 
bination being cooled, 

Figure 8 is a simplified schematic of an 
improved gas synthesis apparatus based on the 
invention. 

Detailed disclosure 
Figure 1 

A Stirling cycle machine 10 has a single acting 
power piston 1 1 reciprocating in a power cylinder 
12, and a double-acting displacer piston 13 
reciprocating in a displacer cylinder 14. The 
power cylinder encloses a variable volume 15 
sealed by a high pressure piston seal 16. 

The displacer piston 13 is driven by a displacer 
rod 17 having a cross sectional area which is 
small with respect to the cross sectional area of 
displacer cylinder 14. The displacer rod 17 is 
sealed by a high pressure gland seal 18. The 
displacer piston 13 divides the internal volume of 
displacer cylinder 14 between a variable volume 

19 adjacent the gland seal 18 and a variable 
volume 20. The variable volume 19 is connected 
to the variable volume 15 by a conduit means 21. 
The variable volume 20 is the expansion volume 
or the first space of the Stirling machine, while the 
sum of the variable volumes 15 and 19 is the 
compression volume or the second space of the 
machine. The pistons 11 and 13 serve as a first 
volume displacement means and a second 
volume displacement means, respectively, which 
communicate with the first space 20, and with the 
second space (15 and 19) respectively. 

The variable volume 20 is connected by a 
conduit means 24 to a first heat exchanger 25 
maintained at a temperature T,, which in turn is 
connected to a thermal regenerator 27 by conduit 
means 28. The variable volume 19 is connected 
by conduit means 30 to a second heat exchanger 
32 maintained at a temperature T 2 which will 
often approximate ambient temperature, which in 
turn is connected to the thermal regenerator 27 by 
a conduit means 33. It is evident that gas within 
the expansion volume or first space, i.e. volume 

20 and the conduits 24 and 28 will be maintained 
approximately at temperature T 1f while gas within 
the compression volume or second space, i.e. 
volumes 15 and 19, and the conduits 30 and 33 
will be maintained approximately at temperature 
T 2 . It can be s en that a temp rature or th rmal 
gradient b tween and T 2 will be maintained 
acr ss the regenerator 27 between the connec- 
tions t c nduits 28 and 33. The volum s 15, 19 
and 20, the conduits and associated heat exchan- 
gers and the thermal regenerator provide a flow 
path f the apparatus, which has a w rking 
volume. While th heat exchangers 25 and 32 are 
shown spaced from the cylinders enclosing the 



12 

respective volum s, following conv ntional Stirl- 
ing cycle machine design, the h at exchangers 
could be incorporated into the cylinder walls. 
Arecipr eating means 35 int rconnects rods 36 
5 and 1 9 of the pistons 1 1 and 1 3 so that the pistons 
are reciprocated at the same frequency and with 
suitable phase such as that an increase (or 
decrease) of the expansion volume leads an 
increase (or decrease) of the compression 
io volume. Hence upwards motion of the displacer 
piston 13 leads upwards motion of the power 
piston 11. The Stirling machine will then operate 
to convey heat from the heat exchanger 25 to heat 
exchanger 32 i.e., there is a net transport of heat 
is from the expansion space to the compression 
space. If T, is greater than T 2 , first and second 
ends 41 and 42 of the regenerator are associated 
with relatively hot and relatively cold spaces 
respectively, and the machiine will function as an 
20 engine, delivering work from the power piston 11. 
Conversely, if T 2 is greater than T„ the ends 41 
and 42 are associated with relatively cold and hot 
spaces respectively and the machine will operate 
as a heat pump or refrigerator, absorbing work 
25 from the power piston 11. 

In a conventional Stirling engine, the 
regenerator contains finely divided material with 
high heat capacity and large surface area, 
arranged to adsorb and store heat from gas 
30 flowing through the regenerator with efficient 
heat transfer and low flow friction. In order to 
achieve the purposes of the invention, the 
regenerator 27 also contains fixed adsorbent 
material 34 which preferentially adsorbs a first 
35 component of a feed gas mixture relative to a less 
readily adsorbed second component, in the oper- 
ating pressure and temperature regime, both of 
which vary cyclically within the reversing flows of 
gas as will be described. - 
40 Hence the regenerator includes an adsorbent 
bed of a sorbent which provides a sorption 
function, such as surface adsorption, bulk adsorp- 
tion and desorption. The adsorbent material may 
be mixed with non-adsorbent material, and differ- 
45 ent adsorbent materials or mixtures of mat rial 
may be used in zones of the regenerator op r- 
ating at different temperature levels. Alterna- 
tively, all of the material in the regenerator may 
be the adsorbent material which than also pro- 
so vides the full heat storage function. For particular 
applications as will be described with reference to 
Figure 8, some of the adsorbent may also have 
catalytic properties with respect to reactions f 
mixing gas components. Particularly in h at 
55 pump or refrigerator embodiment, the heat 
capacity of the solid material must be large with 
respect to the heat capacity of the working fluid. 
The regenerator and the adsorbent bed cooperate 
to produce an adsorbent/regenerator combina- 
60 tion but the term "r generator", "adsorbent bed", 
and "bed" and "regenerator combination" are 
used interchangeably in this specificati n except 
wher so stated. 
The adsorbent or catalyst bed may be a packed 
65 bed f p II ts, fibres r granular material, which 
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may be mixed with metallic material to augment 
heat capacity. Adsorbent or catalyst material may 
also be formed in monolithic blocks with multiple 
parallel flow passage, similar to well known 
honeycomb catalytic support. Adsorbent or cata- 
lyst material also may be bonded in thin layers to 
metal supports, or to metal heat exchange sur- 
faces as down with catalytic tube wall reactors, or 
maybe a liquid retained in a matrix. Stirling 
machine regenerators use a variety of well known 
configurations to meet conflicting performance 
objectives of high heat capacity and large internal 
surface area with excellent heat exchange, low 
pressure drop, low dead volume and low thermal 
conductivity between hot and cold ends. To avoid 
the pressure hysteresis problems previously 
referred to with reference to U.S. Pat. No. 
3,262,277 (Nesbitt), when the present invention is 
used with vapours near their saturation pressure it 
is important that the adsorbent material is selected 
to have a pore structure and other characteristics 
to avoid capillary condensation. 

In this invention, the working fluid in the Stirling 
machine is a gas mixture containing a first com- 
ponent (or components) more readily adsorbed on 
the adsorbent 34 than remaining component(s) in 
the mixture. The gas mixture is admitted into the 
regenerator 27 through an inlet conduit 37 having 
an inlet valve 39 and a non-return valve 40. First 
and second outlet valves 43 and 46 are provided in 
first and second outlet conduits 45 and 48 which 
communicate with the conduits 33 and 28 respec- 
tively. 

As the pressure within the Stirling machine is 
relatively elevated while the gas mixture in the 
regenerator 27 is flowing toward conduit 28, i.e. 
towards the expansion volume, the first com- 
ponent of the mixture will be preferentially 
adsorbed at that time. The pressure is reduced 
while the gas mixture in regenerator 27 is flowing 
toward conduit 33 i.e. towards the compression 
volume, so the first component will be parametri- 
cally pumped to the compression space. A first gas 
fraction or product enriched in the first component 
will be withdrawn from the conduit 33 through the 
outlet valve 43 adjacent the end 42 of the bed, 
while a second gas fraction or product depleted in 
the first component will be withdrawn from the 
conduit 28 through the outlet valve 46 adjacent the 
opposite end 41 of the bed. Optional heat recovery 
from the second gas fraction to the regenerator 27 
can be achieved by a heat exchanger 50 
cooperating with the conduit 48. 

In many gas purification applications, it will be 
desirable to introduce the feed gas mixture mid- 
way through the regenerator 27 as shown. The 
feed gas conducted from the inlet valve 39 passes 
through a heat exchanger 52 in the regenerator 27 
through the non-return valve 40 at the desired 
point of feed injection 54. The preferred locations 
of the outlet valve 43 and the non-return valve 40 
are chosen to minimize the total internal dead 
volume of the Stirling machine. 

If the valves 43 and 46 are directional valves with 
minimal pressur drop when pen, they sh uld 



each be open only when th pr ssur isessentially 
balanced across internal and external conduits, as 
otherwise the machine could not operate and 
develop pressure swings. Subject to the above 

s restriction, the valves can in general be operated in 
batch, semi-batch or continuous separation 
modes according to application requirements and 
performance optimization. If valves 43 or 46 are 
opened during intervals of high pressure, th 

70 machine will deliver some work in compression of 
the corresponding gas stream but with a corre- 
sponding reduction in mechanical work output. 

Valve control means 57 is provided to control the 
properly sequenced introduction of feed gas and 

15 removal of product gas fractions from the 
apparatus. The valve control means 57, through 
suitable undesignated connections shown as 
broken lines, and sensors if needed, may be 
programmed to open the valves 43 and 46 only 

20 when desired gas concentration levels have been 
reached in conduits 33 and 28 respectively. 

The first product fraction delivered from the 
apparatus will be mostly highly enriched in the 
first component if the outlet valve 43 is opened at 

25 intervals of minimum cycle pressure. Similarly, 
the second product fraction will be most highly 
depleted in the first component if the outlet valve 
46 is opened at intervals of maximum cycl 
pressure. Hence the outlet valve 46 may be a 

30 simple non-return valve, with control provided by 
external regulation of pressure in the outlet con- 
duit 48. The inlet valve 39 may also be a simple 
non-return valve, with control provided by internal 
regulation of pressure in the inlet conduit 37. The 

35 outlet valve 43 may be operated mechanically in 
fixed phase with the piston means to open during 
intervals of minimum cycle pressure, with control 
of flow rate provided by external regulation of 
pressure in the outlet conduit 45. 

40 Injection of feed gas midway in the regenerator 
can facilitate high purification of both first and 
second components. According to the value of the 
two components and the degree of separation 
desired, it may be more convenient to inject the 

45 feed gas mixture adjacent the expansion volume 
in some applications (i.e., air dehydration), or 
adjacent the compression volume in other applica- 
tions (i.e., oxygen separation from air without 
nitrogen production). 

so The basic parameters of a Stirling cycle machine 
include: 

(1 ) the ratio of absolute temperatures T, and T 2 ; 

(2) the ratio of volumetric displacement in 
compression and expansion volumes; 

55 (3) the phase angle by which net volume dis- 
placements in the expansion volume lead volume 
displacements in compression volum (0 to 180°); 

(4) the ratio of total dead volume within the 
working volume to displacement volum . Note 

60 that dead volume includes clearance space in 
cylinders, c nduits, r generator voidage, and 
adsorbent por sity. 

The above parameters may be varied v r wide 
limits. Th y d termine critical operating charac- 

65 teristics, including: 
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(a) the ratio of maximum pr ssure to minimum 
pressure inside the machine; 

(b) the phase relationship between gas flow 
velocities and pressure at each point in the 
regenerator; 

(c) the ratio of each cyclic distance travelled by 
gas particles in the regenerator to length of the 
regenerator. 

It will be noted that the reciprocating means 35 
or piston drive mechanism of the Figure 1 Stirling 
machine has not been described in detail. Numer- 
ous Stirling machine crank mechanisms and also 
free piston configurations are known in the prior 
art, and may be used in conjunction with this 
invention. Likewise, numerous alternative 
arrangements of compression and expansion 
volume displacement means are known such as 
diaphragms or liquid pistons. The power and 
displacer pistons may occupy a single cylinder. 
Separate compression and expansion cylinders 
may provide the equivalent function of power and 
displacer cylinders. Compression and expansion 
cylinders may be compounded in multi-cylinder 
double-acting Stirling machines. Also, the 
regenerator may be installed inside the displacer 
piston of displacer type machines. For purposes 
of this invention, the above and other prior art 
Stirling machines configurations are equivalent. 

While the Stirling cycle manifestly icorporates 
cyclic changes in both pressure and gas velocity, 
it is not immediately evident that a favourable 
regime for pressure swing adsorptive separation 
is in fact available. A general theoretical founda- 
tion for the present invention is found in a 
theorem (based on an ideal Stirling machine with 
isothermal expansion and compression, perfect 
heat exchange and no friction) correlating flow 
direction of any point of the regenerator with the 
pressure extremes. At the cycle pressure maxi- 
mum, the direction of flow will be from the 
compression volume toward the expansion 
volume at all points in the regenerator. At the 
cycle pressure minimum, the flow direction is 
from the expansion volume to the compression 
volume. This theorem is valid for the ideal Stirling 
cycle machine for all possible parameters of 
temperature ratio, volume displacement ratio, 
displacement phase angle and dead volume ratio. 
Consequently net heat i.e. heat transported over a 
complete cycle, and the preferentially adsorbed 
gas component will be transported toward the 
compression volume or second space in the 
present invention, while the less readily adsorbed 
gas component will be transported toward the 
expansion volume or first space, the relationship 
of the volumes or spaces being determined by the 
phase relati nship as described. 

Operation 

As stat d previously, th Stirling cycl machine 
10 can perate either as an ngine pr ducing net 
work from the power piston 11, and/ r a porti n 
of compression work from th gas s discharged 
f r m the regenerator. Atternativ ly it can function 
as a h at pump or r frigerator, absorbing work 



from the piston 11. When operating in either 
mode as above, the r ciprocating means 35 coor- * 
dinates the phase relationship between the cyclic 
pressure variations and the cyclic flow reversals 
5 relative to the adsorbent bed so that the volume 
of gas displaced by the displacer piston 13, the 
first volume displacement means, leads the 
volume of gas displaced by the power piston 11, 
the second volume displacement means. Hence, 
io the volume displacement means coordinates the 
phase relationship between the pressure and flow 
reversals such that cyclic gas volume displace- 
ments adjacent the first space or the first end 41 
of the bed have a leading displacement phase 
is angle with respect to cyclic gas volume displace- 
ments adjacent the second space or opposite 
second end 42 of the bed. This produces the cyclic 
variations in total pressure and cyclic reversals in 
direction of flow over the bed so that flow of a first 
20 gas fraction under reduced pressure pastthe bed 
towards one end of the bed or flow path is 
enriched in the first more readily adsorbed com- 
ponent, while reverse flow of a second gas frac- 
tion under increased pressure past the bed 
25 towards the opposite end of the flow path is 
depleted in the first more readily adsorbed com- 
ponent. This is because the first component is 
preferentially adsorbed and immobilised by 
increased pressure on the adsorbent bed when 
30 the gas flows in one direction, and the first 
component is preferentially desorbed when the 
pressure is decreased and the flow is reversed. 
The first gas fraction enriched in the more readily 
adsorbed first component is removed from one 
35 end of the bed, while the second gas fraction 
enriched in the less readily adsorbed component 
is removed from the opposite end of the bed. 

Whether the apparatus is operating either as an 
engine, a heat pump or refrigerator, the phasing 
40 of pressure and the flow cycle is such that, when 
pressure is at the upper limit for a particular cycle 
of pressure, the direction of the bulk flow of gas is 
towards the expansion volume, that is towards 
the variable volume 20. Similarly, when pressure 
45 is at a lowermost point of its cycle, the corr - 
sponding direction of bulk flow of the gas is 
towards the compression volume, that is towards 
the variable volumes 15 and 19. Also, the Stirling 
engine or pump can be considered as a means of 
so transporting heat in a particular direction through 
a complete cycle. This is referred to as a net 
transport of heat, and in the present invention, it 
has been found that the net transport of heat 
moves in the direction of flow of the preferentially 
55 adsorbed component, that is towards the com- 
pression volume, the variable volumes 15 and 19. 

In summary, th invention has the dual functi n 
of transporting heat and the preferentially 
adsorbed c mponent in ne directi n, while 
60 transporting the less readily adsorbed gas c m- 
ponent in the reverse direction acr ss a tempera- 
ture or thermal gradi nt. If the heat is transported 
in the direction f the lower temperatur , the 
apparatus functions as an engine. If th heat is 
€5 transported in the direction of the higher 
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temperature, the apparatus is a pump or a 
refrigerator. The process also includes removing 
the second gas fraction depleted in the preferen- 
tially adsorbed component from the working 
volume at a time when pressure is approximately 
at its maximum for the cycle, and removing the 
first gas fraction enriched in the more readily 
adsorbed component when pressure is approxi- 
mately at a minimum for the cycle. The first gas 
fraction enriched in the first component is 
removed from the second end of the regenerator 
combination adjacent the second space. The 
second gas fraction depleted in the first com- 
ponent is removed from the first end of the 
regenerator combination adjacent the first space. 

In practice the effective adsorbent selectivity 
may be modified by kinetic rate effects. In cases 
where equilibrium selectivity dominates, prefer- 
ably pressure variations should be closely in 
phase with velocity variations over the adsorbent. 
In the idealized case of isothermal expansion and 
compression processes in the regenerator/adsor- 
bent bed, perfect heat transfer, no friction effects, 
low pressure ratios and a phase angle of about 90 
degrees, an important relationship between 
temperature ratios and displacement ratios is 
found as follows. The first and second volume 
displacement means, namely the displacer piston 
13 and the power piston 11 respectively have 
respective amplitudes of reciprocation and are 
associated with the first and second spaces 
respectively. The ratio of amplitudes of the dis- 
placements of the first and second volume dis- 
placement means is approximately equal to the 
ratio of the higher temperature to the lower 
temperature at opposite ends of the thermal 
regenerator, when the temperatures are 
expressed in degrees Kelvin. Since flows in differ- 
ent portions of a Stirling engine regenerator are 
not in phase because of compressibility effects, 
the optimum phase of the pressure swings will be 
sensitive to the distribution of the adsorbent in 
the regenerator. In cases where adsorbent selec- 
tivity is strongly affected by rate effects, sub- 
stantially different phase relationships may offer 
best performance. It should be noted that some 
phase shift will be caused by wave propagation 
delays in pores of the adsorbent, and that these 
effects may be substantial at higher operating 
speeds depending on adsorbent structure. At 
excessively high speeds, gas separation will be 
impaired. 

Adsorbent working capacity and selectivity will 
generally be improved by higher cycle pressure 
ratios. The Stirling cycle pressure ratio is sensitive 
to the phase angle and amplitude ratio of volume 
displacem nts, the temperature ratio expressed 
in degrees Kelvin, the ratio f dead volume to 
displacement volume and in this invention to the 
adsorb nt working capacity. Pr ssure ratio is 
higher for smaller phase angles between expan- 
sion and compression displacem nts, for lower 
ratios of dead volume to displacement volume 
and for lower adsorbent working capacities. 

In the design of conventional Stirling engines, it 



is generally desired to achiev high efficiency and 
high power density, henc high operating speeds. 
Dead volume must be substantial in order that 
ffective heat exchange with low flow friction 

5 losses will be achieved. The phase angle between 
compression and expansion displacements is 
usually about 90°, which favours good efficiency 
and power density. In the present invention, 
limitations on operating speeds may be required 

w by use of a highly porous structure and limited 
mechanical strength of common adsorbent 
materials. Hence, Stirling machines designed 
according to the invention will often be relatively 
low speed machines, operating sometimes in the 

15 order of a few revolutions per minute. For 
machines delivering mechanical power, the 
phase angle should be between 30 degrees and 
150 degrees. 

20 Figs. 2 through 4 

Major characteristics of the gas mixture within 
the thermal regenerator and adjacent the adsor- 
bent bed will now be described. 
Referring to Fig. 2, the horizontal axis of the 

25 graph represents linear position of the gas flow 
path through the adsorbent/regenerator combina- 
tion 27, 34, from adjacent the expansion volume 
or space 20 to the compression volume or space 
15, 19. The vertical axis of the graph designates 

30 approximately gas composition mixture when 
expressed as mole fractions of a two component 
gas mixture. The gas mixture has a more readily 
or strong adsorbed component 68 concentrated 
towards the compression space, while the less 

35 readily or strongly adsorbed component 69 is 
concentrated towards the expansion space. A 
concentration wave front 70 exists between 
regimes of the two components and moves cycli- 
cally in the same direction as the bulk gas flow, 

40 which is shown as an arrow 72 when the gas 
flows towards the compression space, and as an 
arrow 73 when it flows towards the expansion 
space. The wave front velocity is lower than the 
bulk gas flow by an amount dependent on adsor- 
bs bent selectivity. Ideally the wave front will move 
between extreme positions 75 and 76 shown as 
broken outlines so as to avoid "breakthrough" of 
the wave front beyond ends of the regenerator 
bed, for reasons as will be described. 

so Referring to Fig. 3, the horizontal axis of the 
graph is identical to that in Fig. 2, and the vertical 
axis of the graph depicts temperature of the gas. 
Thus this is a simplified temperature profile with 
T, being the temperature adjacent the expansion 

55 volume of the regenerator, and T 2 being the 
temperature adjacent the compression volume 
for an engine. Arrows 83 and 84 represent flow 
directions for the instances of minimum and 
maximum pressures of the cycle respectively. At 

so the moment of minimum pressure, flow is 
towards the compression space 15, 19 per the 
arrow 83. In the conventional Stirling engin , the 
gas would tend to warm the regenerator material 
by forced convection, cr ating an upward 

6$ temperature swing r rise as shown in broken 
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* outline as 86. In the pres nt invention, this 
temperature swing tends to increase the desorp- 
tion induced by the pressure minimum, but will 
itself be cancelled in part by cooling induced by the 
latent heat of desorption. Conversely, at the 
moment of maximum pressure, the flow per arrow 
84 is towards the compression space 20 and the 
adsorption induced by the pressure swing tends to 
be reinforced by a downward temperature swing 
of the bed shown as broken line 87, which is not 
cancelled by the latent heat of adsorption. In prior 
art Stirling engines, the temperature swing effect 
would be as shown by the broken lines 86 and 87 in 
Figure 3, which would contribute to efficiency 
losses, without the aforesaid compensating effect 
of the invention associated with the latent heat of 
adsorption. Hence the engine embodiment of the 
present invention offers improvements both to the 
effectiveness of the adsorption process, and also 
to the cycle thermodynamic efficiency in this 
aspect. An arrow 88 represents direction of net 
heat transport. 

Figure 4 is an analogous temperature profile for 
a heat pump embodiment in which the expansion 
space 20 is at which is lower than the compres- 
sion space 15, 19 which is at T 2 . In a conventional 
Stirling cycle heat pump, there is an upward 
temperature swing 91 and a corresponding down- 
ward temperature swing 92, both shown in broken 
outline. The upper temperature swing now arises 
with the maxiumum pressure flow, shown in 
direction of arrow 94, which is in opposition to the 
desired adsorption. The amplitude of the tempera- 
ture swing will be increased further by the release 
of latent heat by pressure swing induced adsorp- 
tion. Hence, in the heat pump embodiment the 
temperature swing is adverse to gas separation 
effectiveness and to cycle thermodynamic effi- 
ciency. It will thus be desirable to provide high heat 
capacity in the heat pump regenerator so as to 
minimise the actual temperature swing. The arrow 
88 again represents direction of net heat transport. 

Adsorbent selectivity between the gas com- 
ponents has an effect on the operation of this 
invention. The term "preferentially" as used 
herein refers to a component that is more readily 
adsorbed relative to a second component when 
the adsorbed molar concentration of the first 
species changes relatively more strongly with 
varying partial pressure of the first species, while 
the adsorbed molar concentration of the second 
species changes relatively less strongly with vary- 
ing partial pressure of the second species. The 
above occurs within the operating regime of 
pressures, temperatures, gas compositions and 
cycle speeds over a particular portion of the 
ads rbent bed. This definition relates selectivity to 
the active adsorpti n and desorpti n f gas 
species under pressure swings, as opposed t the 
static capacity f the adsorbent bed under some 
average condition. 

In the case of high ads rbent s tectivity between 
gas components and/or large capacity f the 
ads rbent bed, the velocity of the cone ntration 
wave front will be a small fraction f the gas 



velocity. Then a relatively short adsorbent bed can 
achieve good separation, without "break through" 
of the wave front beyond the regenerator. Break 
through would cause mixing to reduce the separa- 
s tion achieved. The finite width of the concentration 
wave front must be considered in design optimiza- 
tion. 

In the case of low adsorbent selectivity between 
gas components and/or large capacity of the 

io adsorbent bed, the velocity of the concentration 
wave front will more closely approach that of the 
gas velocity. Break through of the wave front can 
be avoided or minimized by using a relatively low 
phase angle between compression and expansion 

is displacements, and/or by using a relatively high 
dead volume (within the regenerator) which will 
reduce attainable pressure ratio. It may be desired 
to reduce the adsorbent capacity (for example by 
admixture with non-adsorbent material, or by use 

20 of thin adsorbent coatings) in order that the 
machine more closely approach the operating 
characteristics of a conventional Stirling machine, 
with gas separation as a secondary role. 
Some examples of specific applications of the 

25 Figure 1 embodiment are now described. 

Example No. 1 

Oxygen separation from air may be achieved 
using a zeolite such as molecular sieve 13X, which 

30 adsorbs nitrogen more readily than oxygen. Air is 
introduced through the inlet valve 39. An oxygen 
enriched gas fraction will be produced through the 
outlet valve 46, while a nitrogen enriched fraction 
will be produced through the outlet valve 43. If 

35 temperature T 2 is ambient temperature and heat is 
supplied to the heat exchanger 25 such that 
temperature T„ is greater than temperature T 2 , the 
machine is a Stirling engine which will deliver 
mechanical work after losses are taken into 

40 account. With the adsorbent operating at elevated 
temperatures, it will be necessary to use a rela- 
tively high mean working pressure to achi ve 
adequate adsorbent loading and selectivity. Thus 
air entering inlet valve 39 must be already com- 

45 pressed. 

Conversely if the heat exchanger 25 is at a lower 
than ambient temperature i.e., temperature T, is 
less than temperature T 2 the machine can b a 
combined refrigeration and dehydration and air 

so separation plant. The refrigerator will activ ly 
reduce temperature T, below ambient until the 
cooling load including thermal leakage is in bal- 
ance with the machine's cooling capacity. The heat 
rejection temperature T 2 and the position of the 

55 feed injection point 54 in regenerator 27 are 
designed to ensure that the temperature at the 
feed injection point is above zero degrees centig- 
rade, to prev nt frost f rmation in the regenerator. 
Then water, carbon dioxide and nitr gen will be 

60 concentrated toward the outlet valv 43 at the 
warmer p rtion f the apparatus, whil xyg n 
will b concentrated to the outlet valve 46 at the 
colder nd. 

In this case it will be appropriate to operat at a 
65 much lower mean working pr ssure than in the 
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case of the engine, because the adsorbent loading 
must be kept well below saturation in order to 
achieve g od selectivity. G od separation may be 
achieved at temperatur s between zer d gr es 
centigrade and minus 75 degrees centigrade with 
air introduced to the machine at atmospheric 
pressure. 

A simple modification to the embodiment of 
Fig. 1 enables the apparatus 10 to perform 
pressure swing separations at low temperatures 
using a Stirling refrigeration cycle. The modifi- 
cation includes elimination of both the heat 
exchanger 25 cooperating with the conduits 24 
and 28, and the heat exchanger 50 within the 
regenerator. Portions of the apparatus associated 
with the expansion volume 20, the conduits 24 
and 28 and the first end 41 of the regenerator 27 
are enclosed in an insulating jacket 60, broken 
outline, to reduce heat transfer from ambient into 
the portion of the machine which is cold. There is 
no external refrigeration load, and heat leakage 
into the cold portions of the machine is minimised 
by the thermal insulation enclosure. This embodi- 
ment is particularly suitable for adsorption 
separations most effectively performed at 
reduced temperatures. Mechanical work 
expended in refrigeration to keep the expansion 
volume of the machine sufficiently cold is offset 
by reduced compression work for separation 
where favourable adsorbent uptake and selectiv- 
ity are achieved at low pressure and at reduced 
temperatures. The low temperature T, is attained 
in conduits 24 and 28 and adjacent spaces and 
can be used for various separations, one example 
of which is shown below. 

Example No. 2 

If the working fluid is air, the modified machine 
will deliver cold oxygen enriched air through the 
outlet valve 46, and this will represent the cooling 
load. If the adsorbent has no selectivity for 
oxygen and nitrogen separation, but strongly 
adsorbs water, the machine delivers cold dehy- 
drated air and may be used as a frost-free air cycle 
refrigerator. 

This apparatus is evidently suitable for many 
gas or vapour phase separations, including all the 
present applications of conventional pressure 
swing adsorption. The gas separation process is 
conducted in a combined cycle with thermal 
power conversion or refrigeration. The invention 
provides full scope and much flexibility for energy 
recovery from gas separation processes. 

Example No. 3 

Hydrogen is a preferred working fluid for Stirl- 
ing cycle machines because of its unique heat 
transfer properties and low viscosity. It is known 
that heavy hydrogen isotopes (deuterium and 
radioactive tritium) are differentially adsorbed 
relative to rdinary hydrogen on many materials 
including hydride forming metals at ambient or 
levated t mperatures, and on zeolites at low 
t mperatures. Stirling ngines or cooling 
machines may use hydrogen as a working fluid, 



while concentrating the trace isotopes. In nuclear 
power plants, dual function Stirling machines 
according to the invention could use helium as 
the working fluid to concentrate tritium contami- 

5 nated reactor coolant helium. Tritium recovery is 
important for safety reasons, and in future fusion 
power plants will be important because of the fuel 
value of the tritium. Using appropriate isotope 
selective adsorbent, deuterium in natural hydro- 

io gen may also be concentrated by Stirling cycle 
engines or cooling machines adapted according 
to this invention. Higher concentration ratios may 
be achieved in large installations by cascading 
engines or cooling machines in series and parallel 

15 multi-stage separation plants. 

Alternatives and equivalents 
Fig. 5 

A second main embodiment of the invention 

20 102 serves as a thermo compressor, which has a 
thermodynamic cycle which is more closely 
based on the well known Ericsson cycle rather 
than the Stirling cycle. The main difference 
between this embodiment and that of the Fig. 1 is 

25 that the power piston 11 and associated power 
cylinder 12 are eliminated because the engine 
delivers compression work as opposed to 
mechanical work. Other features of the invention 
are basically similar to the embodiment Fig. 1 and 

30 are described briefly as follows. 

A displacer cylinder 104 has a double-acting 
displacer piston or means 106 mounted on a 
displacer piston rod 108 which is sealed with high 
pressure seals 109, and has a small cross sec- 

35 tional area relative to cross sectional area of the 
cylinder 104. The rod 108 is reciprocated by a 
reciprocating means 110. The displacer piston 106 
divides the cylinder 104 into the first space, or 
expansion volume 111, and a second space or 

40 compression volume 113. A conduit 115 extends 
from the first space 111, through a heat 
exchanger 117 to a first end 118 of a thermal 
regenerator 119. The thermal regenerator also 
contains adsorbent material 120 and is an adsor- 

45 bent/regenerator combination essentially similar 
to the combination regenerator of Fig. 1. The 
regenerator has a heat exchanger 121 extending 
from a non-return valve 123 to an outlet conduit 
125 which delivers a gas fraction from the first 

so end 118. An inlet conduit 126 has outer and inner 
non-return inlet valves 128 and 129, a heat 
exchanger 130 and a discharge or point of injec- 
tion 132 within the regenerator to determine the 
point of discharge of feed gas mixture fed into the 

55 apparatus. A conduit 134 extends from an oppo- 
site or second end 133 of the thermal regenerator, 
thr ugh a heat exchanger 136 and communicates 
with the s cond space 113 or compression 
volum . An outlet conduit 138 communicates 

60 with the second end 133 and has an outlet valve 
139 which is controlled through a valve control 
means 140 to pen to discharge a gas fraction as 
required. 

When compared with the first embodiment, it 
65 can be seen that, in effect, the pr vi usly 
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described first and second volume displacem nt 
means ar combined into the first double-acting 
displacer piston or means 106 so that the phase 
angle between the first and second displacer 
means is 180 degrees. This results in the com- 
pression volume and expansion volume being 
almost equal and 180 degrees out of phase. The 
machine can be either operated as an engine, in 
which case is higher than T 2 , or as a heat pump 
or refrigerator, in which case T 2 is greater than T v 
As there is no power piston, only modest 
pressure ratios can be achieved even with high 
temperature ratios unless one of the components 
changes phase while in the regenerator combina- 
tion 119, 120. In operation of the engine, there will 
be a substantial phase difference between 
pressure variations and flow in the regenerator, 
approaching 90 degrees in the limit of zero feed 
throughput when the apparatus ceases to deliver 
any useful work. This phase difference is reduced 
in a preferred operation mode in which the outlet 
valve 139 is opened by the control means 40 
during the lowest pressure interval of the cycle. 
Phase shift between pressure and regenerator 
flow can be further reduced by increasing feed 
throughput, at a penalty of reduced pressure 
ratio. In effect, this process involves converting a 
portion of the heat supplied to the relatively hot 
space to compression work by delivering at least 
a portion of the separated gas fraction at elevated 
pressure relative to the pressure at which the feed 
gas mixture is introduced into the process. 

Example No. 4 

This Fig. 5 embodiment has the advantage of 
extreme simplicity. Its use will be attractive in 
applications where a highly adsorbed contamin- 
ant is to be removed from a gas which is also to 
be compressed. For example, well head natural 
gas compression can be combined with purifica- 
tion to remove hydrogen sulphide, water and 
carbon dixode, while the gas itself is compressed 
through a modest pressure ratio. In this particular 
example, the heat source to power the apparatus 
may be provided by combustion of the waste gas 
stream. 

In view of the substantial phase shift in the 
regenerator between pressure and flow, this 
embodiment may be applied more favourably to 
separations where adsorptive selectivity is con- 
trolled by rate effects, since regenerator flow will 
be approximately in phase with the time rate of 
change of pressure. 

A simple modification to the Fig. 5 embodiment 
102 is to substitute the non-return valves 123 and 
128 for positively timed, two-wave valves which 
are also contr lied by the control means 140, by 
undesignated connections shown in broken ut- 
line. This alt rnative apparatus may be operated 
in close analogy to a Gifford-McMahon cooling 
machine. In this alternative, temperature T 2 may 
be ambient, and temperature T 2 is great r than T v 
The apparatus is now powered by compression 

nergy of a pressurised feed gas mixture intro- 
duced through the inlet valve 128 in the inlet 



conduit 126. The valve 128 is opened aft r the 
displacer piston 106 is extended to an outer 
portion of the stroke so that the compression 
space 113 is at its maximum and the pressure is 
s fairly low and the outlet valve 139 is closed. The 
entering feed gas mixture through the conduit 
126 compresses gas already in the compression 
space 113 until the valve 123 is opened by the 
control means to deliver some product gas free- 
ze tion depleted in the more readily adsorbed com- 
ponent. The pressure in the conduit 125 is now 
slightly less than the supply pressure in the 
conduit 126. The inlet valve 128 is closed, and th 
displacer piston 106 is retracted to the bottom of 
is its stroke, displacing gas from the compression 
space 113 to flow through the regenerator 119 
into the space 111 with cooling over the 
regenerator and through a consequent pressure 
drop. The outlet valve 139 is then opened, reduc- 
20 ing pressure further and delivering gas enriched 
in the more adsorbed component. When the 
pressure in the system is reduced to the minimum 
level, the valve 139 is closed and the displacer 1 1 1 
retracts to displace gas from the space 113 
25 through the regenerator to the space 111, 
becoming warmer and thus providing an initial 
pressure rise to complete the cycle. 

The Gifford-McMahon cycle has a major advan- 
tage that high pressure ratios can be imposed 
30 externally, but, unlike other embodiments, has 
the disadvantage of relatively low thermal effi- 
ciency because of irreversible gas expansion. 

Fig. 6 

35 A third embodiment of the invention 148 
utilises two similar displacer and regenerator 
combinations, within a single working volume, in 
which the two displacers are operated out f 
phase. The apparatus has a flow path having 

40 generally similar first and second portions 150 
and 151 respectively which resemble a flow path 
portion of the Fig. 5 embodiment and have first 
and second displacer cylinders 153 and 154 with 
first and second double-acting displacers 155 and 

45 156 respectively. The displacers 155 and 156 have 
respective rods 159 and 160 which cooperate with 
a reciprocating means 162 to reciprocate the 
displacers within the respective cylinders at equal 
frequencies but phased apart. The first displac r 

so 155 divides the cylinder 153 into a first space or an 
expansion space 163 and a second or compres- 
sion space 165. The displacer 156 divides the 
cylinder 154 into a first space or expansion space 
168 and a second space or compression space 

55 170. A connecting conduit 172 interconnects the 
compression spaces 165 and 170 so that pressure 
thr ughout the embodiment 148 is essentially 
qualised. 

A first thermal regenerat r 175 has a first end 
60 176 conn ct d by c nduits 176 and 177 to the 
expansion and compr ssion spaces respectiv ly 
of the first cylinder 153. Heat exchangers 178 and 
179 at temperatur s T, and T 2 co perate with the 
conduits 176 and 177 respectively to maintain the 
65 adjacent spaces at the particular temperatures f 
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the heat exchangers. An inlet conduit 181 con- 
troll dbyanon-r turn inlet valve 182 feeds a fe d 
mixture of gases into a second end of 180 th 
regenerator adjacent th xpansion space 165. An 
outlet conduit 183, controlled by a n on- ret urn 
outlet valve 184 discharges from the first end a 
gas component separated from the gas mixture, 
and also cooperates with the conduit 176. An 
outlet conduit 187 controlled by a mechanically 
operated outlet valve 188 discharges from the 
second end another gas fraction. The regenerator 
175 contains adsorbent material 189 and thus is 
an adsorbent/regenerator combination in accord- 
ance with the invention. It can be seen that the 
first portion 150 of the apparatus resembles 
closely the thermo compressor embodiment 102 
of Fig. 5, with the exception of removal of heat 
exchanger within the regenerator. 

In contrast, the second portions 151 of the flow 
path has a second thermal regenerator 190 which 
contains non-adsorbent heat storage material, 
i.e., the regenerator 190 is basically conventional 
and is not a combination regenerator. Thus, the 
portion 151 does not provide any gas separation 
function, and instead is to provide an appropriate 
connection to the phase angle between the first 
and second portions. This is to attain the desired 
pressure variations in a desired phase relation- 
ship with flow through the regenerator combina- 
tions 175, 189 and also to improve the pressure 
ratio that is normally relatively low with use of the 
single thermo compressor of Fig. 5. The second 
portion 151 has conduits 192 and 193 inter- 
connecting the regenerator 190 with a first or 
expansion space 168 and a second or compres- 
sion space 170 of the cylinder 154. Heat exchan- 
gers 195 and 196 at temperatures T 3 and T 2 
respectively cooperate with the conduits 192 and 
193 so as to maintain the respective expansion 
spaces 168 and 170 at the required temperatures. 
Clearly both regenerators 175 and 190 are 
exposed to respective thermal gradients due to 
the adjacent heat exchangers. 

Preferably, the displacer cylinder 156 has a 
larger displacement than the cylinder 153 so that 
pressure variations from the second portion 151 
dominate the flow within the first portion 150. 
This enables a higher pressure ratio to be 
attained, and increases flexibility of design, both 
with reference to temperature variations and 
cycle efficiency. When the piston 156 is fully 
extended, the pressure is reduced by cooling gas 
drawn into the space 170. Similarly, when the 
piston 156 is fully retracted, the pressure is 
increased by heating gas drawn into the space 
168. 

When operated as a thermo-compressor, 
temperature T t is equal to temperature T 3 , both of 
which are greater than temperature T 2 , which is 
commonly ambient. Thus the thermal gradi nts 
have equal upper temperatures and equal lower 
temperatures. Compared to the more simple 
thermo-compressor of Fig. 5, the mb diment 
148 has much greater flexibility to btain an 
optimal phase relationship between the pressure 



swing and gas flow over the adsorbent/ 
regenerator combination 175, 189. This embodi- 
m nt is more suitable for separation of less 
strongly adsorb d gases, when compared with 

5 the previously described embodiment of Fig. 1. 

In summary, when considering the first portion 
150 of the flow path as a thermocompressor, it 
can be seen that the first and second volume 
displacement means, as previously defined, have 

w been combined into a first double-acting dis- 
placer means 155, so that the phase angle 
between the first and second volume displace- 
ment means is 180 degrees. The displacer 
cylinder 153 cooperates with opposite ends of the 

is regenerator combination 175, 189 and with th 
displacer means 155 so that the displacer means 
155 separates the first and second spaces. Th 
regenerator combination 175, 189 has a thermal 
gradient defined by first and second temperatures 

20 T, and T 2 , in which the first space of the working 
volume is a temperature T, and the second space 
of the working volume is at the temperature T 2 . 
When referring to the second portion 151, the 
second thermal regenerator 190 cooperates with 

25 opposite ends of the second displacer cylinder 
154 and is subjected to a second thermal gradient 
defined by the second temperature T 2 and a third 
temperature T 3 in which the third temperature 
equals the first temperature T v Thus the thermal 

30 gradients of the regenerators of each portion are 
essentially equal. 

Example No. 5 
An attractive application for the thermo-com- 

35 pressor embodiment as above described is pro- 
duction of preheated and compressed oxygen 
enriched air for combustion in a furnace, gasifier 
or high temperature engine cycle. Some of the 
combustion heat or waste heat is applied to the 

40 heat exchangers 178 and 195. Air is supplied 
through the non-return inlet valve 182 through 
the inlet conduit 181, and oxygen depleted air is 
released at ambient temperature through the 
outlet valve 188, which is opened at intervals of 

45 minimum cycle pressure. Hot compressed 
oxygen is delivered through the non-return valve 
184 in the outlet conduit 183 to the combusution 
furnace or other load. 
An alternative application of the Fig. 6 embodi- 

so ment is for operation as a modified Vuilleumier 
cycle cooling machine so as to operate between a 
low temperature and ambient. In this alternative, 
pressure swings in the apparatus are generated 
by thermo compression. When operated as a 

55 Vuilleumier refrigerator or as a heat pump, the 
larger displacer 156 cooperates with the 
regenerator 190 which operates as a thermocom- 
pressor, imposing a pressure regime n the 
regenerator 175. The smaller displacer 155 

60 imposes correctly phased flows to obtain a cool- 
ing effect at the heat exchanger 178 at th 
temperature T v In this alternative, the tempera- 
tur T 3 isgr ater than the temperature T 2 , and the 
temperature T, is lower than temperature T 2 . Th 

65 reciprocating means 162 is modified so that the 
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displacer 156 leads the displac r 155 by about 90 
d grees of phase. The refrigeration effect will be 
delivered partly as cooling load at the heat 
exchanger 178, and partly as a cold compressed 
gas delivered from the non-return outlet valve 
184. 

It is evident by comparison with the previous 
embodiment that alternative design selections of 
inlet and outlet valves, associated heat recovery 
coils and the feed injection location, not shown 
specifically, in the regenerator combination 175 
are admissable within the scope of this invention 
and that features of the particular embodiments 
shown may be interchanged. 

In summary, the refrigeration alternative of the 
Fig. 6 embodiment differs from the thermo-com- 
pressor embodiment mainly in the thermal 
gradients imposed on the regenerator. The 
regenerator combination 175 of the first portion, 
which has the adsorbent 189, has a thermal 
gradient defined by first and second temperatures 
in which the first temperature is lower than the 
second temperature and the second temperature 
is near ambient. However the second portion of 
the flow path has the second thermal regenerator 
190 (without an adsorbent) and is subjected to a 
second thermal gradient defined by the second 
temperature T 2 and the third temperature T 3 , in 
which the third temperature is elevated above 
ambient. Various means to supply heat to the 
apparatus at the third temperature are provided, 
so as to drive the displacer and reciprocating 
means in such a manner as to obtain gas separa- 
tion together with refrigeration functions. 

Fig. 7 

A fourth embodiment 201 of the invention is for 
gas separation, and may be coupled together in 
series or in parallel to provide multiple separation 
steps of a complex process. Furthermore, as will 
be described with reference to Fig. 8, this inven- 
tion, as well as the previously described embodi- 
ments, can also be used for chemical reactions. 
The fourth embodiment shows direct coupling of 
an engine with a refrigerator within a single 
Stirling cycle machine. One particular use of this 
embodiment is to deliver hot compressed oxygen 
to a high temperatur combustion process, in 
which the machine can be powered entirely by 
waste heat from the combustion process, thus 
avoiding the high cost of mechanical energy 
required for conventional air separation pro- 
cesses. 

The embodiment 201 includes a stepped dis- 
placer cylinder 203 having outer and inner 
cylinder portions 205 and 206, in which the 
portion 205 is smaller in diameter than the portion 
206. A stepped displacer 208 is complementary to 
the inn r and uter cylinder portions and has a 
displacer rod 209 which is sealed at 210. A power 
piston 212 is recipr cable within a power cylinder 
214 and a conduit 216 interconnects of variable 
volume 215 of the power cylinder with th inner 
cylind r p rtion 206. The piston 212 has a piston 
rod 219 which, similarly to the rod 209 cooperates 



with a reciprocating means 221 which reci- 
procates the piston 212 and the displacer 208 
within their respective cylinders, at a similar 
frequency but phased apart. The displacer 208 

5 divides the internal volume of the displacer 
cylinder 203 into a variable volume 225 in the 
outer cylinder portion, a variable volume 227 
adjacent the lower portion of the inner cylinder 
portion 206, and a third variable volume 229 in a 

10 portion of the displacer cylinder which bridges 
the inner and outer portions. Similarly to the 
Stirling engine embodiment described with ref- 
erence to Fig. 1, the variable volume 225 is the 
expansion volume or first space, and the sum of 

75 the variable volumes 215 and 227 is the compres- 
sion volume of the machine and is termed the 
second space. The third variable volume or space 
229 communicates with an intermediate conduit 
231 connected adjacent an intermediate portion 

20 232 of the displacer cylinder bridging the inner 
and outer portions thereof. 

The embodiment 201 has a flow path including 
a conduit 233 extending from the first space 225, 
through a heat exchanger 235 to a first end of a 

25 thermal regenerator 238 containing an adsorbent 
bed 239, which cooperate to produce an adsor- 
bent/regenerator combination as before. The flow 
path also includes a conduit 240 having a head 
exchanger 241 in which the conduit 240 com- 

30 municates an opposite end of the regenerator 
combination 238 with the variable volume 227 or 
second space. 

An inlet conduit 243 having an inlet valve 245 
supplies feed gas to the interior of the thermal 

35 regenerator/adsorbent bed. Outlet conduits 248 
and 247 provided with outlet valves 250 and 251 
respectively communicate with opposite second 
and first ends 252 and 249 respectively of the 
regenerator combination. 

40 With the exception of the stepped displacer 208, 
it can be seen that the structure above described 
closely resembles the Stirling cycle machine as 
described with reference to Fig. 1. The embodi- 
ment 201 differs mainly by the provision of the 

45 third space 229 and the intermediate conduit 231 
which communicates with an intermediate com- 
bination portion 253 of the regenerator combina- 
tion 238, 239. The regenerator combination has 
the intermediate portion 255 disposed between 

so the opposite ends of the regenerator, so that first 
and second combination portions 255 and 256 
extend between the intermediate portion and the 
first and second ends of the regenerator. In 
operation, the reciprocating means 221 r ci- 

55 procates the displacer 208 and power piston 212 
to function as volume displacement means so 
that the displacer 208 leads the piston 212 as 
before described. This provides cyclical reversal 
of flow and variations f pressure on the bed. The 

60 displacement means communicates also with the 
third space 229 to pr duce cyclical reversals in 
dir ction of flow of the gas between th third 
space and th intermediate p rti n. Due t rela- 
tiv diameters of the portions f the displacer 208, 

65 the mass flow in the second porti n 256 is greater 
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than that the mass flow in the first portion 255. 
Because the displacer 208 functions as a single 

ntity, the volume displacements relativ to the 
first and third spaces 225 and 229 are in phase. 

For a particular application, the heat exchanger 
235 is heated at an elevated temperature T, and 
the heat exchanger 241 is at temperature T 2 which 
is ambient. An insulating jacket 259 extends to 
enclose portions of the flow path adjacent the 
intermediate conduit 231, the intermediate por- 
tion 253 and adjacent portions of the inner and 
outer cylinder portions 205 and 206. The insulat- 
ing jacket reduces flow of heat into the apparatus 
from the outside, and thus enables low tempera- 
tures to be attained adjacent the intermediate 
conduit as follows. 

The apparatus has a refrigerator section being 
the lower flow path including the conduits 231 
and 240, the second portion 256 and associated 
portions of the displacer cylinder. This resembles 
a conventional Stirling cycle heat pump or 
refrigerator in which a low temperature is genera- 
ted at the conduit 231 and heat is transported 
from the space 229 to the space 227. The upper 
flow path of the apparatus including the conduits 
233 and 231 and associated first regenerator 
portion 255 and cylinder portions functions as a 
Stirling engine in which heat to power the engine 
is applied at the heat exchanger 235. Because 
there is a greater flow of gas in the lower flow 
path than the upper flow path, there is a net 
transport of heat from the space 229 to the heat 
exchanger 241, providing the refrigeration effect. 
It can be seen that each portion of the regenerator 
is subjected to a respective temperature gradient 
which has a lower temperature adjacent the 
intermediate portion 253, and higher tempera- 
tures exist adjacent outer ends of the regenerator 
bed. 

The portion 256 of the regenerator combination 
is cooled for selected separation of oxygen and 
nitrogen under reduced pressures, while rejecting 
water and carbon dioxide into the outlet conduit 
248 which contains nitrogen enriched air. The 
portion 255 of the regenerator is cooled adjacent 
the intermediate portion 253 by the adjacent 
cooler second portion 256 and provides further 
separation of oxygen towards the hotter end 
thereof, and nitrogen towards the colder end 
thereof, while supplying mechanical energy to at 
least assist in powering the apparatus. 

It is noted that both portions of the regenerator 
contribute to separation of oxygen and nitrogen 
in a two stage process in which volume displace- 
ments at the intermediate regenerator portion 253 
are in phase with volume displacements at the 
first regenerator portion 255. Similarly to the Fig. 
1 embodiment, the phase relationship between 
the pressure and fl w reversals is coordinate such 
that the cyclic gas volume displacem nts adjacent 
the first end of regenerator combination hav a 
leading displacement phase with respect to cyclic 
gas v lume displacements adjacent the second 
end f the regenerator combination. F r certain 
applications, the insulation is pr vided adjacent 



the intermediate portion 253 and related conduits 
so that temperature adjacent the intermediate 
regenerator and associated conduits is lower d 
r lativ to temperature at both ends of the 
5 regenerator. 

Fig. 8 

A fifth embodiment 266 of the invention is 
particularly adapted for gas phase reactions in a 

io reaction zone located inside a Stirling cycle 
machine. Adsorbent material in the regenerator 
separates at least one product from reactant 
components of the reaction, so as to maintain the 
reaction off equilibrium, thus increasing yield or 

15 conversion rate of the reaction. In the case of an 
exothermic reaction, the heat of reaction can be 
used, at least in part, to drive a Stirling engine. In 
the case of an endothermic reaction, the heat 
adsorbed or required by the reaction is trans- 

20 ferred from the hotter portion of the apparatus 
which operates as a Stirling cycle refrigerator or 
heat pump. 

The fifth embodiment 266 resembles a modi- 
fied Stirling cycle machine and includes the body, 

25 not shown, having a working volume which 
includes a displacer cylinder 268 having a dis- 
placer piston 269, and a power cylinder 271 
having a power piston 272. The displacer piston 
divides the displacer cylinder into variable 

30 volumes 274 and 275, and the power piston 
communicates with a variable volume 277. A 
conduit 278 interconnects the volumes 275 and 
277 and similarly to the previous embodiment, 
the volume 274 is referred to as the expansion or 

35 first space, and the sum of the volumes 275 and 
277 is referred to as the compression space or 
second space. A reciprocating means 281, shown 
only partly, cooperates with rods 279 and 280 
connected to the displacer 269 and the piston 272 

40 respectively to reciprocate the pistons out of 
phase so that an increase of the expansion 
volume leads to an increase of the compression 
volume. 

A thermal regenerator 282, cooperating with 

45 adsorbent material 283 to produce an adsorbent/ 
regenerator combination, has ends 273 and 276 
connected to the first and second spaces of the 
displacer cylinder 268 by conduits 284 and 285 
respectively, and heat exchangers 286 and 287 

so cooperate with the conduits 284 and 285 and are 
maintained at temperatures T, and T 2 respec- 
tively. An inlet conduit 290 has, in sequence from 
an outer end thereof, a gas purifier 291, a com- 
pressor 293, a first non-return inlet valve 295, a 

55 heat exchanger 296 within the thermal 
regenerator and a second non-return valve 298 
which cooperates with the conduit 284 which in 
turn feeds into an adjacent first end of the 
regenerator 282. If desir d, the c mpressor 293 

60 can be coupled to th r ciprocating means 281 
thr ugh a conn cti n 300, shown in broken ut- 
line, so as to drive the compressor, at least in part, 
with power from the Stirling engine. 
Th power cylind r 271 is shown in an inverted 

65 positi n t illustrate m re clearly th function of 
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product s paration in liquid f rm. A lower p rtion 
of the power cylinder 271 acts as a liquid 
separator 302 and has a liquid discharge valve 
304 which is opened periodically to remove liquid 
product of the reaction. A purge valve 306 posi- 
tioned above the separator 302 is open periodi- 
cally to discharge "inert" gases which might 
otherwise accumulate in the power piston. In 
applications where the product of the reaction 
does not liquefy, or purging of inert gases is not a 
problem, the previously described power cylinder 
and power piston of Fig. 1 could be substituted for 
that shown in Fig. 8. 

A major feature of the embodiment 266 is the 
provision of means to permit reaction of two or 
more gases within the reaction zone of the work- 
ing volume, and removal of one or more com- 
ponents of the reaction to increase conversion 
rate. Because the rate of many gas phase 
chemical reactions is enhanced by use of a cata- 
lyst, in most cases it is preferable to provide a 
catalyst in the reaction zone where the chemical 
reaction is to take place. For example, if the gas 
phase reaction is an exothermic reaction, which 
liberates heat, the catalyst is best provided in the 
higher temperature portion of the apparatus, for 
example in the expansion or first space 274 where 
it is shown as a matrix 308. If the gas phase 
reaction is endothermic, which absorbs heat, the 
catalyst would best be provided in a second space 
275 of the apparatus, and receives heat trans- 
ported from the first space. Clearly, separate 
spaces for the reaction can be provided if 
necessary, the catalyst adjacent either end of the 
regenerator, or anywhere in the flow path at an 
appropriate temperature. The reaction zone is 
usually associated with a variable volume space 
which can remove exothermic heat or provide 
endothermic heat of reaction. 

Example No. 6 

A particularly useful application of the embodi- 
ment 266, using an exothermic reaction, is the 
synthesis of ammonia from nitrogen and hydro- 
gen over a promoted iron catalyst. In this reac- 
tion, the regenerator combination 282, 283 con- 
tains an adsorbent which preferentially adsorbs 
ammonia relative to hydrogen and nitrogen, for 
example a zeolite such as molecular seive 13X. 
The feed gases of nitrogen and hydrogen in 
correct proportions are fed into the inlet conduit 
290, purified by the purifier 291 with the exception 
of minor "inert" gases such as argon and 
methane, and compressed in the compressor 293 
to an operating pressure of about 120 atmos- 
pheres. The compressed feed gas is delivered 
through the inlet valve 295 to the heat exchanger 
296 which heats th feed gas to the synthesis 
temperature T, f about 450 d gre s C. The 
preheated feed gas is injected into the conduit 284 
of the Stirling engine through th non-return 
valve 298 and passes through the heat exchanger 
286 which serves as a start-up heater. 

The catalyst in the expansion volume 274 
enhances the speed of the reaction so that the 



product, ammonia gas, is transported by pressure 
swing adsorption towards the second space or 
cooler end of the apparatus, that is towards the 
cooler end of the regenerator, through the con- 

5 duit 285 where it is condensed in the compression 
space 275 by removing heat with the heat 
exchanger 287. Liquid ammonia condenses in the 
separator 302 from where it is removed during 
intervals of high pressure through the discharge 

io valve 304. It is added that any liquid ammonia 
remaining in the separator during intervals of 
lower pressure would tend to evaporate and thus 
reduce the amplitude of pressure swings in the 
systems. Conversely, the presence of some freely 

15 mobile liquid ammonia (i.e. droplets in the gas 
mixture, in the cooler end of the regenerator 
would tend to increase the amplitude of pressure 
swings. 

The zeolite adsorbent in the regenerator 282 

20 has much higher affinity for ammonia than for 
hydrogen or nitrogen. However, nitrogen and 
"inert" gases including argon and methane will 
be preferentially adsorbed relative to hydrogen. 
Hydrogen is parametrically pumped into the reac- 

25 tion zone adjacent the hotter end 273. Hence a 
concentration gradient will be established across 
the regenerator with the nitrogen and "inerts" 
more concentrated toward the cold end where the 
ammonia is also concentrated and liquefied. 

30 Excessive build up of inerts will be avoided by 
periodic opening of the purge valve 306, which 
will vent the nitrogen rich mixture containing 
accumulated "inerts" from the separator 302. 
It is anticipated that cyclic pressure excursions 

35 in this Stirling engine apparatus may range from 
120 atmospheres to 200 atmospheres. Since aver- 
age pressure is than 160 atmospheres, while feed 
gas injection is 120 atmospheres in this case, it 
can be seen that the engine actually performs the 

40 final stage of feed gas compression within its own 
regime of cyclic pressure. 

At this relatively low synthesis loop pressure of 
160 atmospheres, a conventional ammonia syn- 
thesis plant could not obtain satisfactory conden- 

45 sation of liquid ammonia without auxiliary refrig- 
eration. In this invention, the lower temperature 
T 2 will correspond to normal ambient tempera- 
tures, and refrigeration is not required because 
ammonia is concentrated within the apparatus. It 

so is expected that the pressure swing adsorption 
function will remove ammonia very rapidly from 
the expansion volume of the engine, driving the 
reaction far from equilibrium and thus enhancing 
catalyst productivity. 

55 In ammonia synthesis, the desired product, i.e., 
ammonia, is adsorbed and removed from the 
reaction zone by adsorption followed by liquefy- 
ing and r moval as a liquid. In ther reactions, if 
an und sirable side product is formed in a side 

€0 reaction, the side reaction can be suppressed by 
preventing the side product from leaving the 
reaction zone, thus maintaining the side r action 
at quilibrium. An xample of this type f reaction 
is given in Example No. 7. In both cases, the 

€5 pr cess of the inv ntion is thus characterized by 
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combining a chemical reaction function with the 
gas separation function adjacent a reaction zone, 
wherein th gas mixture includes at least one 
r actant and at least one product of the reaction, 
one of which is preferentially adsorbed in the 
adsorbent material. 

Example No. 7 

The potential for application of the invention to 
endothermics reactions may be illustrated by the 
important example of synthesis gas production 
by steam reforming of methane. The main reac- 
tion is 

CH 4 +H 2 0±5CO+3H 2 . 

In the conventional process, feed methane and 
steam are passed over a nickel catalyst, at typical 
conditions of 900°C and 30 atmospheres. A large 
excess of steam is necessary to prevent carbon 
deposition on the catalyst, and to drive the reac- 
tion forward. The endothermic heat of reaction is 
supplied by external heating of the high alloy 
tubes containing the catalyst. These severely 
stressed catalyst tubes are very costly. High 
energy costs are also associated with the 
temperature drop.through the tube walls, and the 
large excess volume of steam required. Also 
carbon dioxide is produced as a side product in a 
side reaction which lowers conversion rate of the 
desired or main product. 

In the present invention applied to steam 
reforming, a heat pump embodiment of Figure 8 
will be used to transport lower grade heat from an 
initial temperature T, of perhaps 300°C to the 
reforming temperature T 2 of about 900°C. The 
reaction zone will accordingly be associated with 
the second space 275 of the Stirling machine. To 
avoid high temperatures the power piston and 
drive means can be located in the cooler regime 
associated with the first space, while maintaining 
the required phase difference. To increase con- 
version rate it is desired to concentrate the reac- 
tants methane and water into the reaction zone in 
the space 275, while removing the products car- 
bon monoxide and hydrogen. 

The reactants, main products and side products 
of this reaction can be put in a descending order 
of adsorption over silica gel or alumina gel adsor- 
bents as follows: 

Water 

Carbon dioxide 
Methane 

Carbon monoxide 
Hydrogen 

Hence steam will be concentrated strongly into 
the second space 275, while hydrogen and carbon 
monoxide will be separated and transport d 
toward the first space 274. This achieves the 
desired separation of pr ducts from a reagent. 
Since the side pr duct carbon dioxid is also 
concentrated into the reaction zone in space 275, 
this c rr sponding side reaction will be inhibited. 
This exemplifies the ability of the inventi n to 
achieve reacti n selectivity, wher the undesir d 



product is trapped in the reaction zone, whereas 
the desired product is readily removed. A high 
partial pressure of carbon dioxid over the cata- 
lyst will help suppr ss carbon deposition. Since 

s adsorbent coefficients are reduced at elevated 
temperatures, the apparatus may be designed to 
produce some carbon dioxide with the carbon 
monoxide, as is desirable for subsequent 
methanol synthesis. 

70 As the endothermic heat is provided to the 
reaction zone directly by the reacting gases as the 
Stirling cycle working fluid, the need for heat 
exchange through highly stressed catalyst tubes 
is eliminated. The energy burden of excess steam 

is supply above stoichiometric requirements is 
avoided, and the process may use relatively low 
grade heat. 

It is seen that this more complex reaction is 
characterized by transporting by parametric 

20 pumping the desired product away from the 
reaction zone to maintain the desired reacton of 
equilibrium to assist in high conversion to the 
desired product, and maintaining by parametric 
pumping the undesired product within the reac- 

25 tion zone to assist in maintaining the undesired 
reaction near equilibrium, to reduce conversion to 
the undesired product. 

Some important effects will arise in the oper- 
ation of an off equilibrium catalytic reaction inside 

30 a Stirling engine. Unless auxiliary non-return 
valves or recirculation blowers are used to make 
the flow over the catalyst undirectional, the cata- 
lyst bed is subjected to a regime of reversing 
flows and pulsating pressure. It is expected that 

35 this regime will be favourable to good mass 
transfer and heat transfer from the catalyst. 
Pressure pulsations will generate forced breath- 
ing of catalyst pores, with consequently improved 
mixing. 

40 A more subtle effect will arise from the pressure 
sensitivity of physical adsorption and hence 
chemisorption on the catalyst surfaces. Since 
pressure pulsations will cause reversing flow in 
catalyst pores and also will in general cause 

45 differential adsorption of reactant and product 
components, parametric pumping effects may be 
expected within catalyst pores. Such effects may 
change the reaction kinetics significantly. 
If a reactant is more readily or rapidly adsorbed 

so than the products, pressure swing parametric 
pumping may tend to oppose penetration of that 
reagent into the catalyst pores, and thus retard 
the reaction rate. This is a plausible explanation f 
the results obtained by Baiker for ethylene hydr - 

55 genation. Conversely if a reactant is more slowly 
adsorbed than the product, the product should be 
removed more rapidly from the interior of the 
catalyst by pressure swing parametric pumping, 
and the penetrati n of that reactant and the 

60 reaction rate should be enhanced. As ammonia 
and hydr gen ar both r adily adsorb d on an 
iron catalyst, while adsorption f nitrogen is 
lower, the above ff ct may be beneficial in the 
case of ammonia synthesis. 

65 Th th sis work f Jain showed that the rate of 
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ammonia synth sis can be enhanced by cyclic 
variations of feed composition. In the present 
invention, a non-uniform admixture of hydrogen 
and nitrogen is obtained in the r generator com- 
bination through pressure swing adsorption. 
Because nitrogen is much less highly adsorbed 
than ammonia, the characteristic velocity of nitro- 
gen concentration wave front will be faster than 
the velocity of ammonia concentration wave 
front. Hence, the machine can be designed so that 
at least partial break through of the nitrogen 
concentration wave front back into the catalyst is 
obtained. Then feed composition cycling over the 
catalyst will be obtained to some degree by the 
changing concentration of nitrogen. It will be 
evident that feed composition cycling may be 
further enhanced in this invention by separately 
timed and/or located injection of the feed com- 
ponents. Beneficial chromatographic effects may 
then be obtained, particularly if adsorbent with 
high capacity for ammonia is mixed with the 
catalyst as proposed by Unger and Rinker. In 
conventional ammonia synthesis plants, feed 
composition cycling appears to be impracticable 
because most of the gas flowing through the 
synthesis loop is recycled. 

It will be apparent that many variations to the 
embodiment of Figure 8 are admissable within 
this invention. For example, the feed gas could be 
injected directly into the second or cooler end of 
the regenerator combination 282 without the heat 
exchanger 296. This might make control of reac- 
tant composition over the catalyst more difficult, 
but would provide the advantage that any trace 
carbon dioxide, carbon monoxide and water con- 
taminants would be concentrated by parametric 
pumping into the ammonia and purge gas 
effluents, providing some protection to the cata- 
lyst. 

With appropriately selected catalyst, the 
embodiment of Figure 8 can be applied directly to 
methanol synthesis and many other chemical 
reactions. An important case is Fischer-Tropsch 
synthesis of hydrocarbons from carbon monox- 
ide and hydrogen reactants, for which the Figure 
8 embodiment can favourably influence selectiv- 
ity between alternative products according to 
their relative ability to be adsorbed on the 
selected adsorbent material. Both exothermic and 
endothermic reactions may be conducted inside 
Stirling cycle machines based on this invention 
with changes as discussed previously. 

This invention clearly has a wide range of 
chemical reaction applications, and can be 
expressed in all embodiments above and in, 
many embodiments or combinations not limited 
to those d scribed above. 

Claims 

1. A process f r separating c mp nents of a 
gas mixture containing a first c mpon nt which is 
more r adily adsorb d and a second component 
which is less readily adsorbed by an adsorbent 
material, the process including the st ps of: 



introducing (37, 126, 181, 243, 290) the gas 
mixture into a working volume having a flow path 
containing the adsorbent mat rial (34, 120, 189, 
239, 283) within an adsorbent bed; 

5 cyclically reversing direction of flow of the gas 
mixture along the flow path so that direction of 
the flow alternates between opposite ends of the 
flow path, cyclically varying the total pressure of 
the gas mixture between upper and lower 

w pressure limits within the working volume; 

simulataneousty coordinating a phase relation- 
ship between the cyclic pressure variations and 
the cyclic flow reversals relative to the adsorbent 
bed such that the first component is preferentially 

15 adsorbed and immobilized by increased pressure 
on the adsorbent bed when the gas flows in one 
direction (72), and the first component is prefe- 
rentially desorbed when the pressure is 
decreased and the flow is reversed (73); 

20 removing from adjacent one end (42, 133, 180, 
252, 276) of the adsorbent bed a first gas fraction 
enriched in the first component, and removing 
from adjacent the opposite end (41, 118, 174, 255, 
273) of the adsorbent bed a second gas fraction 

25 depleted in the first component; 

providing in the flow path first (20, 111, 163, 
225, 274) and second (15, 19, 113; 165; 208, 215; 
275, 277) spaces disposed adjacent opposite ends 
of the regenerator combination, the spaces being 

30 at different temperatures to expose the 
regenerator combination to a thermal gradient; 
and 

passing the flow of gas through the spaces in 
series with the regenerator combination; the pro- 
35 cess being characterised by: 

providing in the flow path a thermal 
regenerator (27, 119, 175, 238, 282) to cooperate 
with the adsorbent bed to produce an adsorbent/ 
regenerator combination (34, 27; 120, 119; 189, 
40 175; 239, 238; 283, 282); 

passing through the adsorbent/regenerator 
combination the flow which passes along the flow 
path; and 

generating the cyclic pressure variations and 

45 the cyclic flow reversals by first cyclic gas volume 
displacements associated with the first space (20, 
111, 163, 225, 274) and by second cyclic gas 
volume displacements associated with the 
second space (15, 19; 113; 165; 208, 215; 275, 

so 277), such that the first cyclic gas volume dis- 
placements have a leading phase angle with 
respect to the second cyclic gas volume displace- 
ments, so as to subject the gas flow to cyclical 
reversals of temperature, together with the cycli- 

55 cal reversals of pressure and direction flow, so as 
to facilitate separation of the gas into the first and 
second fractions, and achieve conversi n 
between thermal energy and compression energy 
in the gas mixture. 

60 2. A process of operating a modified Stirling 
cycle machine wh rein an internal working 
volume containing a gas has a flow path contain- 
ing first (20, 111, 163, 225, 274) and second (15, 
19; 113; 165; 208, 215; 275, 277) spaces and a 

65 thermal r generat r (27, 119, 175, 238, 282) dis- 



37 



EP 0143 537 B1 



38 



posed between the spaces, the first and second 
spaces being at different temperatures to expose 
the reg n rator to a thermal gradi nt, the proc ss 
including th steps of: 

cyclically reversing direction of flow of the gas 
along the flow path so that direction of flow 
alternates between opposite ends of the flow 
path; and 

cyclically varying pressure of the gas between 
upper and lower pressure limits within the work- 
ing volume so that a phase relationship exists 
between the cyclic pressure variations and cyclic 
flow reversals relative to the thermal regenerator, 
the process being characterized by: 

(a) providing between the spaces an adsorbent 
bed containing adsorbent material (34, 120, 189, 
239, 283) to cooperate with the thermal 
regenerator to produce an adsorbent/regenerator 
combination; 

(b) introducing (37, 126, 181, 243, 290) into the 
working volume a gas mixture containing a first 
component which is more readily adsorbed by 
the adsorbent material, and a second component 
which is less readily adsorbed by the adsorbent 
material; 

(c) generating the cyclic pressure varations and 
the cyclic flow reversals by first cyclic gas volume 
displacements associated with the first space (20, 
111, 163, 225, 274) and by second cyclic gas 
volume displacements associated with the 
second space (15, 19; 113; 165; 208, 215; 275, 
277) such that the first cyclic gas volume displace- 
ments have a leading phase angle with respect to 
the second cyclic gas volume displacements; 

(d) simultaneously when coordinating the 
phase relationship between the cyclic pressure 
variations and the cyclic flow reversals relative to 
the regenerator combination, preferentially 
adsorbing and immobilising the first component 
on the combination bed by increased pressure 
when the gas flows in one direction (72), and 
preferentially desorbing the first component by 
decreasing the pressure when the flow direction 
is reversed (73J"; and 

(e) removing from one end (42, 133, 180, 252, 
276) of the regenerator combination a first gas 
fraction enriched in the first component, and 
removing from the opposite end (41, 118, 174, 
255, 273) of the regenerator combination a 
second gas fraction depleted in the first com- 
ponent, thereby also achieving conversion 
between thermal energy and compression energy 
in the gas mixture. 

3. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) transporting heat from the first space to the 
second space, in which th first space is at a first 
temp rature (T,) and the second space is at a 
second temperature (T 2 ), 

(b) and removing the first gas fraction enriched 
in th first component from adjacent a second 
end (42, 133, 180, 252, 276) of the regenerator 
combination which is adjac nt the s cond space, 
and r moving the second gas fraction depleted in 
the first component from adjacent a first end (41, 



118, 174,255, 273) of th regenerator combination 
which is adjacent the first space. 

4. A process as claimed in claim 1 , 2 or 3, further 
characterized by: 

5 (a) removing the second gas fraction depleted 
in the preferentially adsorbed component from 
the working volume at a time when the pressure 
is approximately at its maximum for the cycle, 
(b) removing the first gas fraction enriched in 

io the more readily adsorbed component when the 
pressure is approximately at a minimum for the 
cycle. 

5. A process as claimed in any preceding claim 
further characterised in that: 

15 (a) in order to generate the cyclical reversals of 
flow direction and variations of pressure in the 
working volume, first (13, 106, 155, 208, 269) and 
second (11, 106, 156, 212, 272) volume displace- 
ment means are reciprocated to communicate 

20 with the first (20, 111, 163, 225, 274) and second 
(15, 19; 113; 165; 208, 215; 275, 277) spaces 
respectively at respective first and second 
amplitudes of reciprocation, in which the ratio of 
amplitudes of the displacements is approximately 

25 equal to the ratio of the higher temperature (T,) to 
the lower temperature (T 2 ) when expressed in 
degrees Kelvin, and the first volume displacement 
means has a leading phase angle of approxi- 
mately 90 degrees with respect to the second 

30 volume displacement means. 

6. A process as claimed in any preceding claim, 
further characterised by: 

(a) locating the adsorbent bed (34, 120, 189, 
239, 283) physically within a chamber containing 
35 the thermal regenerator (27, 119, 175, 283, 282) so 
that the regenerator combination is an integral 
unit. 

7. A process as claimed in any preceding claim, 
in which the regenerator combination (27, 34; 

40 119, 120; 175, 189; 238, 239; 282, 283) has first 
(41, 118, 174, 255, 273) and second (42, 133, 180, 
252, 276) ends associated with the first (20, 111, 
163, 225, 274) and second (15, 19, 113; 165; 208, 
215; 275, 277) spaces respectively, and the pro- 

45 cess is further characterised by: 

(a) maintaining the first space at a higher 
temperature than the second space, 

(b) removing the first gas fraction enriched in 
the more readily adsorbed first component from 

so adjacent the second end of the bed and removing 
the second gas fraction depleted in the first 
component from adjacent the first end of the bed, 

(c) converting some of the heat supplied to the 
first space to mechanical work or to compression 

55 work so as to operate as an engine cycle. 

8. A process as claimed in one of claims 1 to 6, 
in which the regenerator c mbinati n (27, 34; 
119, 120; 175, 189; 238, 239; 282, 283) has first 
(41, 118, 174, 255, 273) and second (42, 133, 180, 

so 252, 276) ends associated with the first and 
second spaces respectiv ly, and the proc ss is 
further characterised by: 

(a) maintaining the second space at a higher 
temperature than the first spac , 

65 (b) removing fr m adjacent the second nd of 
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the combination the first gas fraction nriched in 
the more readily adsorbed first component, and 
removing from adjacent the first end of the 
combination the second gas fraction deplet d in 
the first component 

(c) conveying heat from the first space to the 
second space so as to operate as a heat pump 
cycle or a refrigeration cycle. 

9. A process as claimed in claim 8 further 
characterised by: 

(a) insulating (60) the first space (20), the first 
end (41) of the regenerator combination, and a 
portion (24, 28) of the flow path extending 
between the first space and the first end to 
permit attainment of low temperatures in the 
first end of the combination to facilitate gas 
separation. 

10. A process as claimed in any preceding 
claim, further characterised by: 

(a) coordinating the phase relationship 
between the pressure and flow reversals to gen- 
erate first cyclic gas volume displacements adja- 
cent a first end (118, 174) of the regenerator 
combination (119, 120; 175, 189) which have a 
leading displacement phase angle of 180° with 
respect to second cyclic gas volume displace- 
ments generated adjacent the opposite second 
end (133, 180) of the regenerator combination 
and maintaining the working volume sub- 
stantially constant, 

(b) converting a portion of the heat supplied to 
the relatively hot space (111, 163) to compres- 
sion work by delivering at least one separated 
gas fraction at an elevated pressure relative to 
the pressure at which the gas mixture is intro- 
duced into the process, so as to operate as a 
thermo-compressor cycle. 

11. A process as claimed in claim 1 further 
characterised by: 

(a) in a first portion (150) of the flow path, 
coordinating the phase relationship between the 
pressure and flow reversals to generate first 
cyclic gas volume displacements adjacent a first 
end (174) of the regenerator combination which 
have a leading displacement phase angle of 180° 
with respect to second cyclic gas volume dis- 
placements generated adjacent the opposite 
second end of the combination, and maintaining 
the working volume of the first portion sub- 
stantially constant, 

(b) in a second portion (151) of the flow path, 
providing a second thermal regenerator (190), 
and generating within the second portion of the 
flow path a cyclically reversing direction of flow 
so that the direction of flow alternates between 
opposite ends of the second flow path, and 
subjecting the second regenerator to a thermal 
gradi nt so as to cyclically vary pressure of the 
gas between upper and lower pressure limits, s 
that a second phase relationship exists in th 
second portion wherein first cyclic gas v lume 
displacements generated adjac nt a first end f 
the sec nd regen rator (190) have a I ading 
displacement phase angle of 180° with respect t 
second cyclic gas volume displacements genera- 



t d adjacent the opposite second end of the 
second regenerator, and maintaining the second 
working volume to be substantially constant, 
(c) communicating the first and second por- 

5 tions (150, 151) of the flow path to attain a 
desired phase relationship between the flow 
direction reversals and pressure variations of th 
first and second portions of the apparatus, so as 
to provide greater flexibility and pressure 

io differences for use as a thermo-compressor. 

12. A process as claimed in claim 11 further 
characterised by: 

(a) providing in the second portion (151) of the 
flow path reversals of larger volumes of gas than 
15 in the first portion (150) of the flow path, so that 
pressure variations from the second portion will 
dominate the first portion. 

13. A process as claimed in claim 11 or 12 
further characterised by: 

20 (a) providing in the regenerator combination 
(175, 189) of the first portion (150) and in the 
thermal regenerator (190) of the second portion 
(151) essentially equal thermal gradients having 
essentially equal upper temperatures (T„ T 3 ) and 

25 essentially equal lower temperatures (T 2 ) in 
which the first space (163, 168) of each portion is 
exposed to the upper temperature, so as to 
operate as a thermo-compressor with enhanced 
phase relationship. 

30 14. A process as claimed in claim 11 or 12 
further characterised by: 

(a) in the first portion (150) of the flow path, 
providing a thermal gradient for the regenerator 
combination (175, 189) between upper (T,) and 

35 lower temperatures (T 2 ), wherein the first space 
(163) is exposed to the lower temperature, 

(b) in the second portion (151) of "the 
apparatus, providing in the second regenerator 
(190) a second thermal gradient in which the first 

40 space (168) is exposed to a third temperature (T3) 
which is higher than the upper temperature fj^) 
of the first portion, so as to operate as a Vui- 
lleumier refrigerator or heat pump, so as to 
obtain gas separations at low temperatures. 

45 15. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) providing communication with the 
regenerator combination (238, 239) at an inter- 
mediate combination portion (253) between 

so opposite first and second ends (249, 252) of the 
regenerator combination so that first and second 
combination portions 255, 256) extend between 
the intermediate portion (253) and first and 
second ends of the regenerator combination 

55 respectively, 

(b) cyclically reversing direction of flow at the 
intermediate combination portion so as to cycli- 
cally vary fl w through the first and second 
combinati n porti ns. 

60 16. A pr cess as claimed in claim 15 further 
characters d by: 

(a) maintaining th cyclical r versals f flow at 
the intermediate combination portion (253) in 
phase with the cyclical reversals of fl w relative 

65 to the first end (249) of the regen rator combina- 
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tion (238, 239), 

(b) cyclically reversing the directions of flow at 
th intermediate portion (253) so that more gas 
circulates through the second combination por- 
tion (256) than through the first combination 
portion (255), so that flow of heat relative to the 
intermediate combination portion and the first 
and second combination portions result in a net 
gain or loss of heat at the intermediate portion. 

17. A process as claimed in claim 16 further 
characterised by: 

(a) coordinating the phase relationship between 
the cyclic flow reversals such that cyclic gas 
volume displacements adjacent the first end (249) 
of the regenerator combination (238, 239) have a 
leading displacement phase angle with respect to 
cyclic gas volume displacements adjacent the 
second end of the regenerator combination, 

(b) providing insulating (259) adjacent the inter- 
mediate portion (253) and related conduits (231) 
so that temperature adjacent to the intermediate 
portion and associated conduits is lower than 
temperatures at both ends (239, 252) of the 
regenerator combination. 

18. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) conducting a chemical reaction in a reaction 
zone, wherein the gas mixture includes at least 
one reactant and at least one product of the 
reaction, one of which is preferentially adsorbed 
in the adsorbent material, 

(b) separating the reactant and the product by 
parametric pumping over the adsorbment 
material to drive the reaction towards high con- 
version, 

(c) transporting heat relative to the reaction 
zone to control temperature of the reaction zone. 

19. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) conducting a chemical reaction in a reaction 
zone, wherein the gas mixture includes at least 
one reactant of the reaction, at least one desired 
product of a desired chemical reaction, and at 
least one undesired product of a side reaction, 
one of the products being preferentially adsorbed 
in the adsorbent material, 

(b) transporting by parametric pumping the 
desired product away from the reaction zone to 
assist in maintaining the desired reaction off- 
equilibrium to assist in high conversion to the 
desired product, 

(c) trapping by parametric pumping the unde- 
sired product within the reaction zone to assist in 
retarding the undesired reaction near equilibrium, 
to reduce conversion to the undesired product. 

20. A process as claimed in claim 18 or 19 
further characterised by: 

(a) providing a catalyst (308) in the reaction 
zone (274) to enhance the rate of the reaction. 

21. A process as claimed in claim 18 or 19 
further characterised in that: 

(a) the chemical reaction is exoth rmic and 
generates heat f reaction, 

(b) ther action zon is I cated adjacent the first 
space (274) so that heat of reaction augments 



heat in the first space to assist in operation as a 
heat engine. 

22. A process as claimed in claim 18 or 19 
furth r characterised in that: 

5 (a) the chemical reaction is endothermic and 
adsorbs heat of reaction, 

(b) the reaction zone is located adjacent th 
second space (275) so that the heat required by 
the reaction is transported from the first space. 

w 23. A process as claimed in claim 18 or 19 
further characterised by: 

(a) liquefying at least one product of the reac- 
tion in a cooler (277) space of the apparatus so as 
to facilitate separation of the product. 

is 24. A process as claimed in claim 1 or 2 further 
characterised by: 

(a) transferring heat between portions of the 
regenerator combination (27, 34; 119, 120; 282, 
283) and the gas flow relative to either the inlet 

20 means (37, 1 26, 290) or the outlet means (48, 1 25). 
25. An apparatus (10, 102, 148, 201, 266) for 
separating components of a gas mixture contain- 
ing a first component which is more readily 
adsorbed and a second component which is less 

25 readily adsorbed by an adsorbent material (34, 
120, 189, 239, 283), the apparatus including a 
body having an internal working volume having 
first (20, 111, 163, 225, 274) and second (15, 19; 
113; 165; 215; 227; 275, 277) spaces, a flow path 

30 interconnecting the first and second spaces, and 
an adsorbent bed containing the adsorbent 
material and provided in the flow path between 
the spaces, inlet means (37, 126, 181, 243, 290, to 
admit gas mixture into the working volume, and 

35 outlet means (45, 48; 125, 138; 183, 187; 247, 248; 
284, 285) to discharge gas from adjacent opposite 
ends (41, 42; 118, 133; 174, 180; 255, 256; 273, 
276) of the adsorbent bed, volume displacement 
means (13, 11; 106; 155, 156; 208, 212; 269, 272) 

40 associated with the first and second spaces, 
reciprocating means (35, 110, 162, 221, 281) 
cooperating with the volume displacement 
means so as to produce cyclic variations in total 
pressure and cyclic reversals in direction of flow 

45 of the gas, the reciprocating means determining a 
phase relationship between the cyclic variations 
of pressure in the gas and directions of flow of the 
gas over the adsorbent bed, so that flow under 
reduced pressure past the adsorbent bed towards 

so one space is enriched in the first more readily 
adsorbed component, while reverse flow under 
increased pressure past the adsorbent bed 
towards the opposite space is depleted in the first 
more readily adsorbed component, the apparatus 

55 being further characterised by: 

(a) a thermal regenrator (27, 119, 175, 238, 282) 
c operating with the adsorbent b d to produce an 
ads rbent/r generator c mbination (27, 34; 119, 
120; 175, 189; 238, 239; 282, 283) provided in the 

so f I w path betw en the spaces to receive flow 
which passes along th flow path, 

(b) m ans for maintaining the first and second 
spac s at different temperatures (T 1f T 2 ) to expos 
the regen rator c mbination to a thermal 

€5 gradient, s as t subject the gas flow to cyclical 
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reversals of t mperature together with the cycli- 
cal reversals of pressure and direction of flow so 
as to facilitate separation of the gas mixture into a 
first gas fraction nriched in the first component, 
and a second gas fraction enriched in the second 
component, 

(c) the reciprocating means (35, 110, 162, 221, 
281 ) cooperating with the first and second volume 
displacement means so that the displacement 
means reciprocate at the same frequency, and the 
volume of gas displaced by the first volume 
displacement means leads the volume of gas 
displaced by the second volume displacement 
means by a phase angle of between zero degrees 
and 180 degrees. 

26. An apparatus (10, 102, 148, 201, 266) which 
resembles a modified Stirling cycle machine, the 
apparatus including a body having an internal 
working volume having first (20, 111, 163, 225, 
274) and second (15, 19; 113; 165; 215, 227; 275, 
277) spaces, a flow path for gas inter-connecting 
the first and second spaces, a thermal regenerator 
(27, 119, 175, 238, 282) provided in the flow path 
between the first and second spaces, the first and 
second spaces being at different temperatures 
0\, T 2 ) to expose the regenerator to a thermal 
gradient, first (13, 106, 155, 208, 269) and second 
(11, 106, 156, 212, 272) volume displacement 
means communicating with the first and second 
spaces respectively, reciprocating means (35, 110, 
162, 221, 281) cooperating with the first and 
second volume displacement means so that the 
first and second volume displacement means 
reciprocate at the same frequency to produce 
cyclic variations in total pressure and in direction 
of flow of the gas, the reciprocating means deter- 
mining phase angle between cyclic variations of 
pressure in the gas and flow directions of the gas 
over the regenerator, the apparatus being charac- 
terised by: 

(a) an adsorbent bed containing adsorbent 
material (34, 120, 189, 239, 283) cooperating with 
the thermal regenerator to produce an adsorbent/ 
regenerator combination (27, 34; 119, 120; 175, 
189; 238, 239; 282, 283) disposed between the 
first and second spaces, 

(b) the gas being a gas mixture containing a 
first component which is more readily adsorbed 
and a second component which is less readily 
adsorbed by the adsorbment material, 

(c) inlet means (37, 126, 181, 243, 290) to admit 
the gas mixture into the working volume, and 
outlet means (45, 48; 125, 138; 183, 187; 247, 248; 
284, 285) to discharge gas fractions from opposite 
ends of the regenerator combination, 

(d) the reciprocating means subjecting the gas 
flow to cyclical reversals of pr ssure and directi n 
flow so that flow under d cr ased pressur f a 
first gas fraction past the regenerator combina- 
tion towards one space is enriched in the first 
more readily adsorbed component and is dis- 
charged through on outlet m ans, a f I w under 
increased pressure of a s cond gas fraction past 
the regenerator combinati n towards th remain- 
ing space is depleted in the first mor readily 



adsorbed component, and the s cond gas frac- 
tion is remov d through another outlet means, 

(e) the reciprocating means (35, 110, 162, 221, 
281 ) coop rating with the first and second volume 

5 displacement means so that the displacement 
means reciprocate at the same frequency, and the 
volume of gas displaced by the first volume 
displacement means leads the volume of gas 
displaced by the second volume displacement 

io means by a phase angle of between zero degrees 
and 180 degrees. 

27. An apparatus as claimed in claim 25 or 26 
further characterised by the volume displacement 
means having first (13, 106, 155, 208, 269) and 

w second (11, 106, 156, 212, 272) volume displace- 
ment means which communicate with the first 
and second spaces respectively. 

28. An apparatus as claimed in claim 25, 26 or 
27, further characterized by: 

20 (a) control means (57, 140) adapted to cooper- 
ate with outlet valve means (43,46; 123; 129; 139; 
184, 188; 250, 251) so that the second gas fraction 
depleted in the more readily adsorbed com- 
ponent is removed from adjacent the first space at 

25 a time when the pressure is approximately at its 
maximum for the cycle, and the first gas fraction 
enriched in the more readily adsorbed com- 
ponent is removed from adjacent the second 
space when the pressure is approximately at a 

30 minimum for the cycle. 

29. An apparatus as claimed in one of claims 25 
to 28 further characterised by: 

(a) auxiliary heat exchangers (50, 121, 296) 
provided in the regenerator combination (27, 34; 
35 119, 120; 282, 283) and adapted to transfer heat 
between portions of the regenerator combination 
and gas flow relative to either the inlet means or 
the outlet means. 

30. An apparatus as claimed in one of claims 25 
40 to 29 further characterised by: 

(a) the reciprocating means (35) cooperating 
with the volume displacement means (11, 13) so 
that heat is pumped from the first space (20) to 
the second space (15, 19), 
45 (b) thermal insulation means (60) cooperating 
with the first space to enable reduction of the 
temperature of the first space to permit gas 
separation at reduced temperature. 

31. An apparatus as claimed in one of claims 25 
so to 30 further characterised by: 

(a) means to maintain the temperature (T,) of 
the first space (20, 225, 274) higher than the 
temperature (T 2 ) of the second space (15, 19; 215, 
227; 275, 277), 

55 (b) work conversion means (11, 212, 272) 
cooperating with the first and second spaces to 
convert in part heat at the higher temp rature to 
mechanical work or compression so as t operate 
als as an ngine. 

60 32. The apparatus as claimed in claim 25 further 
characterised by: 

(a) the volume displacement means being a 
doubl -acting displacer means (106, 155), so that 
phase angle between first and second gas volume 

65 displacements is 180 degrees, 
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(b) a displacer cylinder (104, 153) cooperating 
with opposite ends (118, 133; 174, 180) of the 
regenerator combination and with th double- 
acting displacer means, so that the double-acting 
displacer means separates the first (1 11, 163) and 
second (113, 165) spaces, 

(c) the temperature (T,) of the first space (111, 
163) is higher than temperature (T 2 ) of the second 
space (1 13, 165) so as to operate as a thermocom- 
pressor. 

33. An apparatus as claimed in claim 32 further 
characterised by: 

(a) the thermal gradient of the regenerator 
combination (175, 189) being defined by first (T,) 
and second (T 2 ) temperatures associated with the 
first (163) and second (165) spaces respectively, 
the regenerator combination and the said dis- 
placer cylinder being a first portion (150) of the 
flow path, 

(b) a second portion (151) of the flow path 
having a second double-acting displacer means 
(156) and a second displacer cylinder (154), the 
second double-acting displacer means being 
reciprocable within the second displacer cylinder, 

(c) a second thermal regenerator (190) 
cooperating with opposite ends of the second 
displacer cylinder, and being exposed to a second 
thermal gradient defined by the second tempera- 
ture (T 2 ) and a third temperature (T 3 ), in which the 
third temperature substantially equals the first 
temperature, 

(d) conduit means (172) interconnecting the 
first and second portions (150, 151) of the flow 
path, and the first and second double-acting 
displacer means cooperating with the reciprocat- 
ing means to operate at a phase angle which 
coordinates cyclic variations of pressure and 
reversals of gas flow past the regenerator combi- 
nation to improve separation of the components. 

34. An apparatus as claimed in claim 32 further 
characterised by: 

(a) the thermal gradient of the regenerator 
combination being defined by first (T,) and 
second (T 2 ) temperatures associated with the first 
(163) and second (165) spaces respectively, the 
second temperature being near ambient, 

(b) a second portion (151) of the flow path 
having a second double-acting displacer means 
(156) and a second displacer cylinder (154), the 
second double-acting displacer means being 
reciprocable within the second displacer cylinder, 

(c) a second thermal regenerator (190) com- 
municating with opposite ends of the second 
displacer cylinder and being exposed to a second 
thermal gradient defined by the second tempera- 
ture (T 2 ) and a third temperature (T 3 ) in which the 
third temperature is elevated above ambient, 

(d) means to supply heat (195) to the apparatus 
at the third temperature so as to drive the dis- 
plac r and reciprocating means in such a manner 
as to obtain both gas separation and refrigeration 
functions. 

35. An apparatus as claimed in claim 33 or 34 
further characterised by: 

(a) the second double-acting displacer means 



(165) having a greater displacement than the first 
double-acting displacer means (155) so as to 
dominate gas flow and pressure variations within 
the working volume. 
5 36. An apparatus as claimed in one of claims 25 
to 35, further characterised by: 

(a) the adsorbent/regenerator combination 
(238, 239) having an intermediate combination 
portion (253) disposed between opposite first 

w (249) and second (256) ends of the regenerator 
combination so that first (255) and second (256) 
combination portions extend between the inter- 
mediate combination portion and the first and 
second ends of the regenerator combination 

is respectively, 

(b) the working volume has a third space (229) 
communicating with the intermediate portion 
through an intermediate conduit (231), and the 
volume displacement means (208) cooperate with 

20 the third space to produce cyclic reversals in 
direction of flow of the gas between the third 
space and the intermediate portion. 

37. An apparatus as claimed in claim 36 further 
characterised by: 

25 (a) the reciprocating means (221) cooperating 
with the volume displacement means (208) so as 
to maintain the cyclical reversals of flow between 
the third space (229) and the intermediate combi- 
nation portion (253) in phase with the cyclical 

30 reversals of flow between the first space (225) and 
the first combination portion (255), 

(b) the volume displacement means (208) 
cooperating with the first (227), second (215) and 
third (229) spaces so that flow of gas through the 

35 second combination portion (256) is greater than 
that through the first combination portion. 

38. An apparatus as claimed in claim 37 further 
characterised by: 

(a) the reciprocating means (221) cooperating 
40 with the volume displacement means (208) so 

that cyclic gas volume displacements adjacent the 
first end (249) of the regenerator combination 
(238, 239) have a leading displacement phase 
angle with respect to cyclic gas volume displace- 
45 ments adjacent the second end (252) of the 
regenerator combination, 

(b) insulation means (255) adjacent the inter- 
mediate portion (253) and the intermediate con- 
duit (231 ), so that temperature adjacent the inter- 

so mediate portion and the intermediate conduit is 
lowered relative to temperature at both ends of 
the regenerator combination. 

39. An apparatus as claimed in one of claims 25 
to 38, further characterized by: 

55 (a) means to conduct a chemical reaction within 
a reaction zone (274) in the working volume, in 
which the gas mixture includes at least one 
reactant and at least one product of the chemical 
reacti n, 

60 (b) the r generator combination (282, 283) 
being adapted to adsorb at least one of the 
products so as to separate at least a portion f the 
pr duct from the gas mixture to drive the r action 
off equilibrium and achieve high conversi n. 

65 40. An apparatus as claimed in claim 39 further 
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characterised by: 

(a) a catalyst (308) located in the r action zone 
(274) to enhance rate of th reaction. 

41. An apparatus as claimed in claim 39 furth r 
characterised by: 

(a) the chemical reaction being exothermic, 

(b) the reaction zone being located adjacent the 
first space (274) of the working volume to supply 
heat in the first space, so as to convert a portion of 
reaction heat to mechanical energy. 

42. An apparatus as claimed in claim 39 further 
characterised by: 

(a) the chemical reaction being endothermic, 

(b) the reaction being located in the second 
space (275) so that heat required by the reaction is 
transported from the first space to the second 
space by heat pump action. 

43. An apparatus as claimed in claim 39 further 
characterised by: 

(a) condenser means (302) cooperating with the 
second space (275) of the apparatus so as to 
liquefy at least one product of the reaction, so as 
to facilitate separation of the product. 

44. An apparatus as claimed in one of claims 25 
to 43, further characterised by: 

(a) the volume displacement means including 
first (13, 106, 155, 208, 269) and second (11, 106, 
156, 212, 272) volume displacement means which 
are adapted to reciprocate at the same frequency, 
and at respective amplitudes of reciprocation with 
the displacement phase angle being approxi- 
mately 90 degrees, the first and second displace- 
ment means communicating with the first and 
second spaces respectively, 

(b) the ratio of the amplitudes of the displace- 
ments of the first and second displacement 
means being approximately equal to the ratio of 
the higher temperature to the lower temperature 
of the spaces, when expressed in degrees Kelvin. 

45. An apparatus as claimed in one of claims 25 
to 44, further characterised by: 

(a) the regenerator combination having a 
chamber containing the adsorbent material (34, 
120, 189, 239, 283) integral with the thermal 
regenerator (27, 119, 175, 238, 282). 

Patentanspruche 

1. Verfahren zum Trennen von Komponenten 
eines Gasgemischs mit einer ersten Komponente, 
die von einem adsorbierenden Material leichter 
adsorbiert wird, und einer zweiten Komponente, 
die weniger leicht adsorbiert wird, 

mit den Verfahrensschritten, 

daft das Gasgemisch in eine Arbeitsvolumen 
mit einer Stromungsbahn eingefuhrt wird (37, 
126, 181,243, 290), die in inemAds rberbettdas 
adsorbierenden Material (34, 120, 189, 239, 283) 
enthalt, 

daft die Strdmungsrichtung des Gasgemischs 
langs der Stromungsbahn zyklisch umgekehrt 
wird, so daB die Richtung der Strdmung zwischen 
entgegengesetzten Enden der Stromungsbahn 
wechselt, wobei der Gesamtdruck des Gasge- 
mischs in dem Arbeitsvolumen zyklisch zwischen 



ein r oberen und einer unteren Druckgrenze vari- 
i rt, 

daB gleichzeitig die Phasenrelation zwischen 
den zyklischen Druckanderungen und den zykli- 

5 schen Strdmungsumkehrung n relativ zu dem 
Adsorberbett so koordiniert wird, daB die erst 
Komponente durch vergrdBerten Druck in den 
Adsorberbett bevorzugt adsorbiert und festgelegt 
wird, wenn das Gas in einer Richtung (72) flieBt, 

w und die erste Komponente bevorzugt desorbiert 
wird, wenn der Druck verringert und die Strd- 
mung umgekehrt wird (73), 

daB in der Nahe eines Endes (42, 133, 180, 252, 
276) des Adsorberbetts eine erste Gasfraktion 

is entnommen wird, die mit der ersten Komponente 
angereichert ist, und in der Nahe des entgegenge- 
setzten Endes (41, 118, 174, 255, 273) des Adsor- 
berbetts eines zweite Gasfraktion, die bezuglich 
der ersten Komponents verarmt ist, 

20 daB in der Stromungsbahn erste (20, 11, 163, 
225, 274) und zweite (15, 19, 130; 165; 208, 215; 
275, 277) Raume vorgesehen werden, die in der 
Nahe entgegengesetzten Enden der Regenerator- 
kombination angeordnet sind, wobei dieses 

25 Raume sich auf unterschiedlichen Temperaturen 
befinden, so daB die Regeneratorkombination 
einem Warmegradienten ausgesetzt ist, und 

daB die Gasstrdmung durch die Raume und die 
in Reihe dazu angeordnete Regeneratorkombina- 

30 tion geleitet wird, 

dadurch gekennzeichnet, 
daB in der Stromungsbahn ein Warmeregene- 
rator (27, 119, 238, 282) vorgesehen wird, der im 
Zusammenwirken mit dem Adsorberbett eine 

35 Adsorber/Regeneratorkombination (34, 27; 120, 
119; 189, 175; 239, 238; 283, 282) bildet, 

daB die langs der Stromungsbahn verlaufende 
Strdmung durch die Adsorber/Regeneratorkom- 
bination geleitet wird, - 

40 und daB die zyklischen Druckanderungen und 
die zyklische Strdmungsumkehr durch erste zykli- 
sche Gasvolumenverschiebungen in Verbindung 
mit dem ersten Raum (20, 111, 163, 225, 274) und 
durch zweite zyklische Gasvolumenverschiebun- 

45 gen in Verbindung mit dem zweiten Raum (15, 19; 
113; 165; 208, 215; 275, 277) so erzeugt werden, 
daB die ersten zyklischen Gasvolumenverschie- 
bungen einen gegenuber den zweiten zyklischen 
Gasvolumenverschiebungen vorauseilenden 

so Phasenwinkel haben, so daB die Gasstrdmung 
zusammen mit den zyklischen Umkehrungen des 
Drucks und der Strdmungsrichtung zyklischen 
Temperaturumsteuerungen unterworfen wird 
und daduruch die Trennung des Gases in die 

55 erste und die zweite Gasfraktion erleichtert und 
eine Umwandlung zwischen thermischer Energie 
und Kompressi ns nergie in dem Gasgemisch 
h rb igefuhrt werden. 
2. V rfahren zum Betreiben einer modifizierten 

60 Stirling-Maschine, in der ein inner s Arbeitsvolu- 
men, das ein Gas enthalt, eine Stromungsbahn 
aufw ist, die einen ersten (20, 111, 163, 225, 274) 
und einen zweiten Raum (15, 19; 113; 165; 208, 
215; 275, 277) und inen zwischen diesen ange- 

65 ordn ten Warmeregenerator (27, 119, 238, 282) 
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umfaBt, wobei der erste und derzweite Raum sich 
auf verschiedenen Temperaturen befinden, so 
daB der Warmereg nerat r ein m Warm gra- 
dienten ausgesetzt ist, 

mit den Verfahrensschritten, daB 

die Stromungsrichtung des Gasgemischs langs 
der Strdmungsbahn zyktisch umgekehrt wird, so 
daB die richtung der Stromung zwischen entge- 
gengesetzten Enden der Strdmungsbahn wech- 
selt, und 

der Druck des Gases in dem Arbeitsvolumen 
zwischen einer oberen und einer unteren Grenze 
zyklisch so variiert wird, daB zwischen den zykli- 
schen Druckanderungen und den zyklisch en Stro- 
mungsumkehrungen relativ zu dem Warmerege- 
nerator eine Phasenrelation besteht, 

dadurch gekennzeichnet, 

(a) daB zwischen den Raumen ein Adsorberbett 
mit adsorbierendem Material (34; 120, 189, 239, 
283) vorgesehen wird, das mit dem Warmerege- 
nerator zusammenwirkt, so daB eine Adsorber/ 
Regeneratorkombination gebitdet wird, 

(b) daB in das Arbeitsvolumen ein Gasgemisch 
eingefuhrt wird (37, 126, 181, 243, 290) mit einer 
ersten Komponente, die von einem adsorbieren- 
den Material leichter adsorbiert wird, und einer 
zweiten Komponente, die weniger leicht adsor- 
biert wird, 

(c) daB die zyklischen Druckanderungen und die 
zyklischen Stromungsumkehrungen durch erste 
zyklische Gasvolumenverschiebungen in Verbin- 
dung mit dem ersten Raum (20, 111, 163, 225, 
274) und durch zweite zyklische Gasvolumenver- 
schiebungen in Verbindung mit dem zweiten 
Raum (15, 19; 113; 165; 208, 215; 275, 277) 
erzeugt werden, derart daB die ersten zyklischen 
Gasvolumenverschiebungen gegenuber den 
zweiten zyklischen Gasvolumenverschiebungen 
einen voreilenden Phasenwinkel haben, 

(d) daB bei der Koordinierung der Phasenrela- 
tion zwischen den zyklischen Druckanderungen 
und der zyklischen Stromungsumkehrung relativ 
zu der Regeneratorkombination gleichzeitig 
bevorzugt die erste Komponente an dem Adsor- 
berbett durch erhohten Druck adsorbiert und 
stillgesetzt wird, wenn das Gas in einer Richtung 

(72) stromt und bevorzugt die erste Komponente 
durch Erniedrigen des Drucks desorbiert wird, 
wenn die Stromungsrichtung umgekehrt wird 

(73) , und 

(e) daB von einem Endbereich (42, 133, 180, 
252, 276) der Regeneratorkombination eine erste 
Gasfraktion entfernt wird, die bezugiich der ersten 
Komponente angereichert ist, und von dem ent- 
gegengesetzten Endbereich (41, 118, 174, 255, 
273) der Regeneratorkombination eine zweite 
Gasfraktion, die bezugiich der ersten Kompo- 
nente verarmt ist, entnommen wird, wodurch in 
dem Gasgemisch auch eine Umwandlung 
zwischen thermischer Energie und Kompres- 
sionsenergi herbeigefuhrt wird. 

3. V rfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet, 

a) daB Warme von dem ersten Raum zu dem 
zweiten Raum transportiert wird, wobei der erste 



Raum sich auf einer ersten Temperatur (T,) befin- 
det und der zweite Raum auf einer zweiten Tem- 
p ratur (T 2 ), und 
b) daB die rste Gasfraktion, die bezugiich der 

5 ersten Komponenten angereichert ist, aus der 
Nahe eines zweiten Endbereichs (42, 133, 180, 252 
und 276) der Regeneratorkombination, der sich in 
der Nahe des zweiten Raums befindet, wegge- 
schafft wird und die bezugiich der ersten Kompo- 

io nenten verarmte zweite Gasfraktion aus der Nahe 
eines zweiten Endbereichs (41, 118, 174, 255, 273) 
der Regeneratorkombination weggeschafft wird, 
der sich in der Nahe des ersten Raums befindet. 
4. Verfahren nach Anspruch 1, 2 oder 3, ferner 

is dadurch gekennzeichnet, 

a) daB die zweite Gasfraktion, die bezugiich der 
bevorzugt adsorbierten Komponente verarmt ist, 
zu einer Zeit aus dem Arbeitsvolumen wegge- 
schafft wird, wenn der Druck sich etwa auf seinem 

20 maximalen Wert fur den Zyklus befindet, 

b) daB die bezugiich der leichter adsorbierten 
Komponenten angereicherte erste Gasfraktion 
weggeschafft wird, wenn der Druck annahernd 
einen Minimalwert fur den Zyklus hat. 

25 5. Verfahren nach einen der vorgergehenden 
Anspruche, ferner dadurch gekennzeichnet, 

a) daB zur Erzeugung der zyklischen Stro- 
mungsrichtungumkehr und der zyklischen Druk- 
kanderungen in dem Arbeitsvolumen erste (13, 

30 106, 155, 208, 269) und zweite (11, 106, 156, 212, 
272) Volumenverschiebungsmittel, die mit dem 
ersten (20, 111, 163, 225, 274) bzw. dem zweiten 
(15, 19; 113; 165; 208, 215; 275; 277) Raum in 
Verbindung stehen, mit einer ersten bzw. mit 

35 einer zweiten Amplitude hin- und herbewegt 
werden, wobei das Verhaltnis der Amplitude der 
Verschiebungen annahernd gleich dem Verhalt- 
nis der hoheren Temperatur (TJ zu der niedrige- 
ren Temperatur (T 2 ) ist, wenn diese in Grad Kelvin 

40 angegeben sind, und wobei die ersten Volumen- 
verschiebungsmittel den zweiten Volumenver- 
schiebungsmitteln um einen Phasenwinkel von 
etwa 90° vorauseilen. 

6. Verfahren nach einen der vorhergehenden 
45 Anspruche, dadurchgekennzeichnet, 

a) daB das Adsorberbett (34, 120, 189, 239, 283) 
physisch in einer Kammer angeordnet wird, die 
den Warmegenerator (27, 119, 175, 283, 282) 
enthalt, so daB die Regeneratorkombination eine 

so integrate Einheit bildet 

7. Verfahren nach einem der vorhergehenden 
Anspruche, bei dem die Regeneratorkombination 
(27, 34; 119, 120; 175, 189; 238, 239; 282, 283) 
einen ersten (41, 118, 174, 255, 273) und einen 

55 zweiten (42, 133, 180, 252, 276) Endbereich auf- 
weist, die dem ersten (20, 1 1 1, 163, 225, 274) bzw. 
dem zweiten (15, 19, 113, 165, 208, 215; 275, 277) 
Raum zuge rdnet sind, 
dadurch gekennz ichnet, 

60 a) daB d r erste Raum auf einer hoheren Tem- 
peratur gehalten wird als der zweite Raum, 

b) daB die bezugiich der leicht r adsorbierten 
ersten K mponente angereichterte erste Gasfrak- 
tion aus der Nahe des zweiten Endbereichs des 

65 Adsorberbetts und die bezugiich der ersten K m- 
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ponente verarmte zweite Gasfraktion aus der 
Nahe des ersten Endbereichs des Betts wegge- 
schafft wird, 

c) und daB ein Teil der dem ersten Raum 
zugefuhrten Warme in mechanische Arbeit oder 
Kompressionsarbeit umgewandelt wird, so daB 
man die Arbeitsweise eines Motors erhalt. 

8. Verfahren nach einen der Anspruche 1 bis 6, 
bei dem die Regeneratorkombination (27,34; 119, 
120; 175, 189; 238, 239; 282, 283) einen ersten (41, 
118, 174, 255, 273) und einen zweiten {42, 133, 
180, 252, 276) Endbereich aufweist, die dem 
ersten (20, 111, 163, 225, 274) bzw. dem zweiten 
(15, 19, 113, 165, 208, 215; 275, 277) Raum 
zugeordnet sind, 

dadurch gekennzeichnet- 

a) daB der erste raum auf einer hoheren Tempe- 
ratur gehalten wird ais der zweite Raum, 

b) daB aus der Nahe des zweiten Endbereichs 
der Kombination die bezuglich der leichter adsor- 
bierten ersten Komponenten angereicherte erste 
Gasfraktion entfernt und aus der Nahe des Endbe- 
reiches der Kombination die bezuglich der ersten 
Komponenten verarmte Gasfraktion entfernt 
wird, 

c) daB Warme von dem ersten Raum zu dem 
zweiten Raum transportiert wird, so daB man die 
Arbeitsweise eines Warmepumpenzyklus oder 
eines Kuhlzyklus erhalt. 

9. Verfahren nach Anspruch 8, dadurch gekenn- 
zeichnet, 

a) daB der erste Raum (20), der erste Endbe- 
reich (41) der Regeneratorkombination sowie ein 
Teil (24, 28) der zwischen dem ersten Raum und 
dem ersten Endbereich verlaufenden Strdmungs- 
bahn (mittels 60) isoliert wird, um in dem ersten 
Endbereich der Regeneratorkombination das 
Erreichen niedriger Temperaturen zu ermog li- 
chen und die Gastrennung zu begunstigen. 

10. Verfahren nach einem der vorhergehenden 
Anspruche, dadurch gekennzeichnet, 

(a) daB die Phasenrelation zwischen den Druck- 
und Stromungsumkehrungen koordiniert wird, 
um erste zyklische Gasvolumensverschiebungen 
in der Nahe eines ersten Endbereichs (118, 174) 
der Regeneratorkombination (119, 120; 175, 189) 
zu erzeugen, die einen um 180° vorauseilenden 
Phasenverschiebungswinkel gegenuber zweiten 
zyklischen Gasvolumenverschiebungen haben, 
die in der Nahe des entgegengesetzten zweiten 
Endbereichs (131, 180) der Regeneratorkombina- 
tion erzeugt werden, wobei das Arbeitsvolumen 
im wesentlichen konstant gehalten wird, und 

(b) daB ein Teil der dem relativ warmeren Raum 
(111, 163) zugefuhrten Warme in Kompressions- 
energie umgewandelt wird, indem wenigstens 
eine abgetrennte Gasfraktion zugefuhrt wird, 
deren Druck groBer ist als d r Druck, mit dem das 
Gasgemisch in den ProzeS eingefuhrt wird, so 
daB das Verfahr n als ein Thermo-Kompressorzy- 
klus ablauft. 

11. Verfahren nach Anspruch 1, dadurch 
gek nnzeichnet, 

(a) daB in einem ersten Abschnitt (150) der 
Stromungsbahn die Phasenrelation zwisch n d n 



Druck- und Stromungsumkehrungen so koordi- 
niert wird, daB in der Nahe eines ersten Endberei- 
ches (174) der Regeneratorkombination Gasvolu- 
menverschiebungen erzeugt w rden, die gegen- 

5 uber zweiten zyklischen Gasvolumenverschie- 
bungen, die in der Nahe des entgegengesetzten 
Endbereichs der Regeneratorkombination erzeugt 
werden, einen um 180° vorauseilenden Phasen- 
verschiebungswinkel haben, wobei das Arbeits- 

10 volumen des ersten Abschnitts im wesentlichen 
konstant gehalten wird, 

(b) daB in einem zweiten Abschnitt (151) der 
Stromungsbahn ein zweiter Warmegenerator 
(190) vorgesehen wird und in diesem zweiten 

is Abschnitt der Stromungsbahn die Stromungs- 
richtung zykiisch umgekehrt wird, so daB die 
Stromungsrichtung zwischen entgegengesetzten 
Enden der Stromungsbahn zykiisch wechsett, 
wobei der zweite Warmeregenerator einem War- 

20 megradienten ausgesetzt wird, so daB der Gas- 
druck zwischen einer bberen und einer unteren 
Druckgrenze zykiisch variiert und in dem zweiten 
Abschnitt eine zweite Phasenrelation besteht, bei 
der erste zyklische Gasvolumenverschiebungen, 

25 die in der Nahe eines ersten Endbereichs des 
zweiten Warmeregenerators (190) erzeugt 
werden, gegenuber zweiten zyklischen Gasvolu- 
menverschiebungen, die in der Nahe des entge- 
gengesetzten zweiten Endbereichs des zweiten 

30 Warmeregenerators erzeugt werden, einen um 
180° vorauseilenden Phasenverschiebungswinkel 
haben, wobei das zweite Arbeitsvolumen im 
wesentlichen konstant gehalten wird, 

(c) daB der erste und der zweite Abschnitt (150, 
35 151) der Stromungsbahn miteinander verbunden 

werden, um eine gewunschte Phasenrelation 
zwischen den Strdmungsrichtungsumkehrungen 
und den Druckanderungen des ersten und des 
zweiten Abschnitts der Vorrichtung zu erhalten, 
40 so daB fur den Betrieb als Thermo-Kompressor 
groBere Flexibilitat und Druckdifferenzen erreicht 
werden. 

12. Verfahren nach Anspruch 11, dadurch 
gekennzeichnet, 

45 (a) daB in dem zweiten Abschnitt (151) der 
Stromungsbahn Umkehrungbewegungen groBe- 
rer Gasvolumina vorgesehen sind als in dem 
ersten Abschnitt (150) der Stromungsbahn, so 
daB Druckanderungen aus dem zweiten Abschnitt 

so im ersten Abschnitt dominieren. 

13. Verfahren nach Anspruch 11 oder 12, 
dadurch gekennzeichnet, 

(a) daB in der Regeneratorkombination (175, 
189) des ersten Abschnitts (150) und in dem 

55 Warmegenerator (190) des zweiten Abschnitts 
(151) im wesentliche gleiche Warmegradient n 
mit im wesentlichen gleichen oberen Temperatu- 
ren (T 1f T 3 ) und im wesentlichen gleichen unteren 
Temperaturen (T 2 ) vorgesehen werden, wobei der 

60 erste Raum (163, 168) jedes Abschnitts der beren 
T mperaturen ausgesetzt wird, so daB man einen 
B trieb als Thermo-Kompressor mit verbesserter 
Phasenrelation erhalt. 

14. Verfahren nach Anspruch 11 der 12, 
65 dadurch gekennzeichnet, 
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(a) daB in dem ersten Abschnitt (150) der 
Stromungsbahn fur di Regeneratorkombination 
(175, 189) ein Warmegradient zwisch n einer 
ober n Temperatur (T,) und ein r unter n Tem- 
peratur (T 2 ) vorgesehen wird, wobei der ersten 
Raum (163, 168) der niedrigeren Temperatur aus- 
gesetzt wird, und 

(b) daB in dem zweiten Abschnitt (151) der 
Vorrichtung in dem zweiten Regenerator (190) ein 
zweiter Warmegradient vorgesehen wird, bei 
dem der ersten raum (168) einer dritten Tempera- 
tur (T 3 ) ausgesetzt wird, die groBer ist als die 
hohere Temperatur (T,) des ersten Abschnitts, so 
daB man auch einen Betrieb als Vuilleumier- 
Kaltemaschine oder als Warmepumpe erhalt und 
Gastrennungen bei niedrigen Temperaturen 
durchgefuhrt werden. 

15. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet, 

(a) daB in einem zwischen entgegengesetzten 
ersten und zweiten Endbereichen (249, 252) der 
Regeneratorkombination liegenden mittleren 
Abschnitt (253) der Kombination eine Verbindung 
mit der Regeneratorkombination (238, 239) vorge- 
sehen wird, so daB erste und zweite Abschnitte 
(255, 256) der Kombination zwischen dem mittel- 
eren Abschnitt (253) und dem ersten bzw. dem 
zweiten Abschnitt der Regeneratorkombination 
verlaufen, und 

(b) daB die Strdmungsrichtung in dem mittle- 
ren Abschnitt der Kombination zyklisch umge- 
kehrt wird, so daB die Stromung durch den ersten 
und den zweiten Abschnitt der Kombination vari- 
iert. 

16. Verfahren nach Anspruch 15, dadurch 
gekennzeichnet, 

(a) daB die zyklischen Stromungsumkehrungen 
in dem mittleren Abschnitt (253) der Kombination 
relativ zu den zyklischen Stromungsumkehrun- 
gen zu dem ersten Endbereich (259) der Regene- 
ratorkombination (238, 239) in Phase gehalten 
werden und 

(b) daB die Strdmungsrichtung in dem mittle- 
ren Abschnitt (253) zyklisch umgekehrt wird, so 
daB mehr Gas durch den zweiten Abschnitt (256) 
der Kombination zirkuliert als durch den ersten 
Abschnitt (255), so daB die Warmestrdmung rela- 
tiv zu dem mittleren Abschnitt und dem ersten 
und dem zweiten Abschnitt der Kombination in 
dem mittleren Abschnitt zu einem Nettogewinn 
oder -verlust an Warme fuhrt. 

17. Verfahren nach Anspruch nach Anspruch 
16, dadurch gekennzeichnet, 

(a) daB die Phasenbeziehung zwischen den 
zyklischen Stromungsumkehrungen derart koor- 
diniert werden, daB die zyklischen Gasvolumen- 
verschiebungen in der IMahe des ersten Endbe- 
reichs (249) der Regeneratorkombination (238, 
239) geg nuber den zyklischen Gasvolumenver- 
schiebungen in der Nine des zweiten Endbe- 
reichs der Regeneratorkombination einen vor i- 
lenden Phasenverschiebungswinkel haben, und 

(b) daB im Bereich des mittleren Abschnitts 
(253) und der zugehdrigen Leitungen (231) eine 
Isolation (259) vorgesehen wird, so daB die Tem- 



peratur im Bereich des mittleren Abschnitts und 
den zugehdrigen Leitungen niedriger ist als die 
T mperaturen an den beiden Enden (293, 252) der 
Regeneratorkombination. 
5 18. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet, 

(a) daB in einer Reaktionszone, in der das 
Gasgemisch wenigstens einen Reaktionspartner 
und wenigstens ein Reaktionsprodukt enthalt, 

w von denen einer in dem adsorbierenden Material 
bevorzugt adsorbiert wird, eine chemische Reak- 
tion durchgefuhrt wird, 

(b) daB der Reaktionspartner und das Reak- 
tionsprodukt durch parametrisches Pumpen uber 

is dem adsorbierenden Material voneinander 
getrennt werden, urn bei der Reaktion eine hohe 
Umwandlung zu erhalten, und 

(c) daB relative zu der Reaktionszone ein War- 
metransport durchgefuhrt wird, um die Tempera- 

20 tur der Reaktionszone zu steuern. 

19. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet, 

(a) daB in einer Reaktionszone eine chemische 
Reaktion herbeigefuhrt wird, in der das Gasge- 

25 misch wenigstens einen Reaktionspartner, wenig- 
stens ein erwunschtes Produkt einer erwunschten 
chemischen Reaktion und wenigstens ein uner- 
wunschtes Produkt einer Nebenreaktion enthalt, 
wobei eines der Produkte in dem adsorbierenden 

30 Material bevorzugt adsorbiert wird, 

(b) daB durch parametrisches Pumpen das 
erwunschte Produkt von der Reaktionszone weg- 
transportiert wird, um die Aufrechterhaltung des 
Ungleichgewichts fur die erwunschte Reaktion 

35 und damit eine hohe Umwandlung in das 
erwunschte Produkt zu unterstutzen, und 

(c) daB das unerwunschte Produkt durch para- 
metrisches Pumpen in der Reaktionszone festge- 
halten wird, um eine Verzogerung der uner- 

40 wunschten Reaktion in der IMahe des Gleichge- 
wichts zu unterstutzen und die Umwandlung in 
das unerwunschte Produkt zu reduzieren. 

20. Verfahren nach Anspruch 18 oder 19, 
dadurch gekennzeichnet, 

45 (a) daB zur Erhdhung der Reaktionsgeschwin- 
digkeit in der Reaktionszone (274) ein Katalysator 
(308) vorgesehen wird. 

21. Verfahren nach Anspruch 18 oder 19, 
dadurch gekennzeichnet, 

so (a) daB die chemische Reaktion eine exotherme 
Reaktion ist und Reaktionswarme erzeugt und 

(b) daB die Reaktionszone im Endbereich des 
ersten Raums (274) liegt, so daB Reaktionswarme 
die Warme in dem ersten Raum vergroBert, um 

55 den Betrieb als Warmekraftmaschine zu unter- 
stutzen. 

22. Verfahren nach Anspruch 18 od r 19, 
dadurch gekennzeichnet, 

(a) daB die chemische Reaktion eine nd - 
60 therme Reaktion ist und Reaktionswarme adsor- 
biert und 

(b) daB die Reakti nszone im Bereich d s zwei- 
ten Raums (275) liegt, so daB die fur di Reaktion 
erforderliche Warme von dem ersten Raum her- 

65 antransportiert wird. 
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23. Verfahren nach Anspruch 18 oder 19, 
dadurch gekennzeichnet, daB w nigstens in Pro- 
dukt der Reaktion in einem Kuhlraum (277) der 
Vorrichtung verflussigt wird, urn di Trennung 
des Produkts zu erleichtern. 

24. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet 

(a) daB zwischen Abschnitten der Regenerator- 
kombination (27, 34; 119, 120; 282, 283) und der 
Gasstromung Warme entweder zu der EinlaBein- 
richtung (37, 126, 290) oder der AuslaBeinrich- 
tung (48, 125) ubertragen wird. 

25. Vorrichtung zum Trennen von Komponen- 
ten eines Gasgemischs mit einer ersten Kompo- 
nente, die von einem adsorbierenden Material 
(10, 102, 148, 201, 266) leichter adsorbiert wird, 
und einer zweiten Komponente, die weniger 
teicht adsorbiert wird, 

mit einem Korper mit einem inneren Arbeitsvo- 
lumen mit einem ersten (20, 111, 163, 225, 274) 
und einem zweiten (15, 19; 113; 165; 215, 227; 
275, 277) Raum, einer den ersten und den zweiten 
Raum verbindenden Stromungsbahn und einem 
das absorbierende Material enthaltenden Adsor- 
berbett, das zwischen den Raumen in den Strd- 
mungsweg angeordnet ist, 

mit einer EinlaBeinrichtung (37, 126, 181, 243, 
290) zum Einfuhren des Gasgemischs in das 
Arbeitsvolumen und einer AuslaSeinrichtung (45, 
48; 125, 138; 183, 187; 247, 248; 284, 284) zum 
Entnehmen von Gas in der Nahe der entgegenge- 
setzten Endbereiche (41, 42; 118, 133; 174, 180; 
255, 256; 273, 276) des Adsorberbetts, 

mit dem ersten und dem zweiten Raum zuge- 
ordneten Mitteln (13, 11; 106; 155, 156; 208, 212; 
269, 272) zur Volumenverschiebung, 

mit Mitteln (35, 110, 162, 221, 281) zur Erzeu- 
gung einer Hin- und Herbewegung, die mit der 
Einrichtung zur Volumenverschiebung derart 
zusammenwirken, daB zyklische Anderungen des 
Gesamtdrucks und zyklische Umkehrungen der 
Stromungsrichtung des Gases erzeugt werden, 
wobei diese Mittel zum Hin- und Herbewegen 
eine sotche Phasenbeziehung zwischen den zykli- 
schen Anderungen des Gasdrucks und der Rich- 
tung der Stromung des Gases uber dem Adsor- 
berbett herstellen, daB unter reduziertem Druck 
uber das Adsorberbett in Richtung auf einem der 
Raume verlaufende Stromung bezuglich der 
leichter adsorbierten ersten Komponente ange- 
reichert wird, wahrend die unter erhohtem Druck 
uber das Adsorberbett in Richtung auf den entge- 
gengesetzten Raum entgegengesetze Stromung 
bezuglich der leichter adsorbierten ersten Kom- 
ponenten verarmt wird, 

wobei die Vorrichtung gekennzeichnet ist durch 

(a) einen Warmeregenerator (27, 119, 175, 238, 

282) , der mit dem Ads rberb tt zusammenwirkt 
und mit diesem eine Adsorb r/Regeneratorkom- 
bination (27, 34; 119, 120; 175, 189; 238, 239; 282, 

283) bildet, die in der Stromungsbahn zwischen 
den genannt n Raum n liegt, und ine langs der 
Stromungsbahn fiieBende Stromung aufnimmt, 
und 

(b) Mittel, die den ersten und den zweiten Raum 



auf unterschiedlichen Temperaturen (T,, T 2 ) hal- 
ten und so die Regeneratorkombination einem 
Warmegradienten aussetzen, so daB die Gasstro- 
mung zusatzlich mit den zyklischen Druck- und 

5 Richtungsanderungen zyklischen Temperaturan- 
derungen unterworfen ist, wodurch die Trennung 
des Gasgemischs in eine bezuglick der ersten 
Komponente angereicherte erste Gasfraktion und 
eine bezuglich der zweiten Komponente ange- 

10 reicherte zweite Gasfraktion erleichtert wird, 
wobei 

(c) die Mittel (35, 110, 162, 221, 281) zur Erzeu- 
gung der Hin- und Herbewegung mit den ersten 
und zweiten Mitteln zur Volumenverschiebung so 

is zusammenwirken, daB letztere sich mit gleicher 
Frequenz hin- und herbewegen und das von den 
ersten Mitteln zur Volumenverschiebung bewegt 
Gasvolumen dem von den zweiten Mitteln zur 
Volumenverschiebung bewegten Gasvolumen 

20 mit einem zwischen Null und 180° liegendem 
Phasenwinkel vorauseilt. 

26. Vorrichtung (10, 102, 148, 201, 266) nach Art 
einer modifizierten Stirling-Kraftmaschine 
mit einem Korper mit einem internen Arbeits- 

25 volumen mit einem ersten (20, 111, 163, 225, 274) 
und einem zweiten (15, 19; 113; 165; 215, 227; 
275, 277) Raum, einer Stromungsbahn zur gas- 
fuhrenden Verbindung des ersten mit dem zwei- 
ten Raum und einem in der Stromungsbahn 

30 zwischen dem ersten und dem zweiten Raum 
angeordneten Warmegenerator (27, 119, 175, 238, 
282), wobei der erste und der zweite Raum auf 
unterschiedlichen Temperaturen (T,, T 2 ) liegen, 
so daB der Regenerator einem Warmegradienten 

35 ausgesetzt ist, 

mit ersten (13, 106, 155, 208, 269) und zweiten 
(11, 106, 156, 212, 272) Mitteln zur Volumenver- 
schiebung, die mit dem ersten bzw. dem zweiten 
Raum in Verbindung stehen, ~x: 

40 mit Mitteln (35, 110, 162, 221, 281) zur Erzeu- 
gung einer Hin- und Herbewegung, die mit den 
ersten und zweiten Mitteln zur Volumenverschie- 
bung derart zusammenwirken, daB letztere sich 
mit gleicher Frequenz hin- und herbewegen, um 

45 zyklische Anderungen des Gesamtdrucks und der 
Stromungsrichtung des Gases zu erzeugen, 
wobei die Mittel zum Hin- und Herbewegen den 
Phasenwinkel zwischen den zyklischen Druckan- 
derungen in dem Gas und der zyklischen Rich- 

50 tungsanderungen des Gases uber dem Warmer - 
generator bestimmen, 
dadurch gekennzeichnet, 
(a) daB ein Adsorberbett vorgesehen ist, das 
adsorbierendes Material (34, 120, 189, 239, 283) 

55 enthalt und im Zusammenwirken mit dem War- 
meregenerator eine zwischen dem ersten und 
dem zweiten Raum angeordnete Adsorber/Rege- 
neratorkombination (27, 34; 19, 120; 175, 189; 
238, 239; 282, 283) bildet, 

60 (b) daB das Gas ein Gasgemisch ist mit einer 
ersten K mponent , di von einem adsorbieren- 
den Mat rial leicht r adsorbiert wird, und einer 
zweiten Komponente, die weniger leicht adsor- 
biert wird, 

$5 (c) daB eine EintaBeinrichtung (37, 126, 181, 
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243, 290) fur die Zufuhrung des Gasgemischs in 
das Arbeitsvolum n sowie eine Auslafteinrich- 
tung (45, 48; 125, 138; 183, 187; 247, 248; 284, 
285) zur Ausgabe von Gasfraktionen an entg gen- 
gesetzten Endbereichen der Regeneratorkombi- 
nation vorgesehen sind, 

(d) daft die Mittei zum Hin- und Herbewegen die 
Gasstromung zyklischen Druck- und Richtungs- 
umkehrungen unterwerfen, so daft die eine erste 
Gasfraktion, die unter vermindertem Druck durch 
die Regeneratorkombination zu einem der beiden 
Raume stromt, bezugiich der ersten Komponente 
angereichert und durch eine AuslaBeinrichtung 
ausgegeben wird und eine zweite Gasfraktion, die 
unter erhohrem Druck durch die Regenerator- 
kombination zu dem anderen Raum stromt, 
bezugiich der ersten Komponente verarmt und 
die zweite Gasfraktion durch eine andere AuslaB- 
einrichtung ausgegeben wird, und 

(e) daft dit Mittei (35, 110, 162, 221, 281) zur 
Erzeugung der Hin- und Herbewegung mit den 
ersten und zweiten Mitteln zur Volumenverschie- 
bung so zusammenwirken, daft tetztere sich mit 
gieicher Frequenz hin- und herbewegen und das 
von den ersten Mitteln zur Volumenverschiebung 
bewegte Gasvolumen dem von den zweiten Mit- 
teln zur Volumenverschiebung bewegten Gasvo- 
lumen mit einem zwischen Null und 180° 
liegendem Phasenwinkel vorauseilt. 

27. Vorrichtung nach Anspruch 25 Oder 26, 
dadurch gekennzeichnet, daft die Mittei zur Volu- 
menverschiebung einer erste (13, 106, 155, 208, 
269) une eine zweite (11, 106, 156, 212, 272) 
Volumenverschiebungseinrichtung umfassen, die 
mit dem ersten bzw. dem zweiten Raum in Ver- 
bindung stehen. 

28. Vorrichtung nach Anspruch 25, 26 Oder 27, 
gekennzeichnet durch 

(a) eine Steuereinrichtung (140), die mit einer 
Auslaftventileinrichtung (43, 46; 123; 129; 139; 
184, 188; 250, 251) derart zusammenwirken kann, 
daft die bezugiich der leichter adsorbierten Kom- 
ponente verarmte zweite Gasfraktion zu einer Zeit 
aus der Nahe des ersten Raums entfernt wird, in 
der der Druck annahernd seinen Maximalwert 
innerhalb des Zyklus hat, und die bezugiich der 
leichter adsorbierten Komponente angereicherte 
Gasfraktion aus der Nahe des zweiten Raums 
entfernt wird, wenn der Druck innerhalb des 
Zyklus annahernd seinen Minimalwert hat. 

29. Vorrichtung nach einem der Anspruche 25 
bis 28, gekennzeichnet durch 

(a) in der Regeneratorkombination (27, 34; 119, 
120; 282, 283) angeordnete Hilfswarmetauscher 
(50, 121, 296) zur Ubertragung von War me 
zwischen Abschnitten der Regeneratorkombina- 
tion und der Gasstromung entweder relativ zu der 
Einlafteinrichtung d r zu der Auslafteinrichtung. 

30. Vorrichtung nach inem der Anspruche 25 
bis 29, dadurch gek nnz ichnet, 

a) daft die Mitt I (35) zum Hin- und Herbewe- 
gung mit den Mitteln (11, 13) zur V lumenv r- 
schiebung so zusammenwirken, daft Warme aus 
dem ersten Raum (20) in den zweiten Raum (15, 
19) gepumpt wird, und 



(b) daft dem erst n Raum Mittei zur Warmeiso- 
lierung (60) zugeordnet sind, die eine Tempera- 
turerniedrigung des rsten Raums und eine 
Gastrennung b i verring rterTemp raturermog- 
5 lichen. 

31. Vorrichtung nach einem der Anspruche 25 
bis 30, gekennzeichnet durch 

(a) Mittei zur Aufrechterhaltung einer Tempera- 
tur (T,) in dem ersten Raum (20, 225, 274), die 

10 hoher ist als die Temperatur (T 2 ) des zweiten 
Raums (15, 19; 115, 227; 275, 277), und 

(b) Mittei (11, 212, 272) zur Energieumwand- 
lung, die mit dem ersten und zweiten Raum 
zusammenwirken, um die auf hoherer Tempera- 

15 tur befindliche Warme teilweise in mechanische 
Arbeit oder in Kompressionsenergie umzuwan- 
deln, so daft man einen Betrieb als Motor erhait. 

32. Vorrichtung nach Anspruch 25, dadurch 
gekennzeichnet, 

20 (a) daft die Mittei zur Volumenverschiebung 
eine doppeltwirkende Verdrangereinrichtung 
(106, 155) ist, so daft der Phasenwinkel zwischen 
der ersten und der zweiten Gasvolumenverschie- 
bung 180° betragt, 

25 (b) daft ein Verdrangerzylinder (104, 153) vorge- 
sehen ist, der mit entgegengesetzten Endberei- 
chen (118, 133; 174, 180) der Regeneratorkombi- 
nation und mit der doppeltwirkenden Verdrange- 
reinrichtung so zusammenwirkt, daft letzterer der 

30 ersten (11 1, 163) und den zweiten (113, 165) Raum 
voneinander trennt, und 

(c) daft die Temperatur (T,) des ersten Raums 
(111, 163) hoher ist als die Temperatur (T 2 ) des 
zweiten Raums (113, 165), so daft man ein Betrieb 

35 als Thermo-Kompressor erhait. 

33. Vorrichtung nach Anspruch 32, dadurch 
gekennzeichnet, 

(a) daft der Warmegradient der Regenerator- 
kombination (175, 189) durch die dem ersten (163) 

40 bzw. dem zweiten (165) Raum zugeordnete erste 
(T,) bzw. zweite (T 2 ) Temperatur bestimmt wird, 
wobei die Regeneratorkombination und der 
genannte Verdrangungszylinder einen ersten 
Abschnitt (150) der Stromungsbahn bilden, 

45 (b) daft ein zweiter Abschnitt (151) der Stro- 
mungsbahn eine zweite doppeltwirkende Ver- 
drangereinrichtung (156) und einen zweiten Ver- 
drangungszylinder (154) enthalt, wobei die zweite 
doppeltwirkende Verdrangereinrichtung inner- 

so halb des zweiten Verdrangerzylinders hin- und 
herbewegbar ist, 

(c) daft ein zweiter Warmeregenerator (190) 
vorgesehen ist, der mit entgegengesetzten End- 
bereichen des zweiten Verdrangungszylinders 

55 zusammenwirkt und einem zweiten Warmegra- 
dienten ausgesetzt ist, der durch die zweite Tem- 
peratur (T 2 ) und eine dritte Temperatur (T 3 ) 
bestimmt ist, wobei die dritte Temperatur im 
Wesentlichen gleich der ersten T mperatur ist, 

60 und 

(d) daft einer L itungsanordnung (172) den 
ersten und den zweiten Abschnitt (150, 151) der 
Stromungsbahn miteinander verbindet und die 
erste und die zweite doppeltwirkende Verdrange- 

65 reinrichtung und die Mittei zur Hin- und Herbewe- 
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gung unter einem Phasenwinkel zusammenwir- 
ken, der zyklische Druckanderungen und Rich- 
tungsumkehrungen der Gasstromung uber die 
Regeneratorkombination koordini rt, um di 
Trennung der Komponenten zu verbessern. 

34. Vorrichtung nach Anspruch 32, dadurch 
gekennzeichnet, 

(a) daB der Warmegradient der Regenerator- 
kombination (175, 189) durch die dem ersten (163) 
bzw. dem zweiten (165) Raum zugeordnete erste 
T,) bzw. zweite (T 2 ) Temperatur bestimmt wird, 
wobei die zweite Temperatur in der Nahe der 
Umgebungstemperatur liegt, 

(b) daB ein zweiter Abschnitt (151) der Stro- 
mungsbahn eine zweite doppeltwirkende Ver- 
drangereinrichtung (156) und einen zweiten Ver- 
drangungszylinder (154) enthalt, wobei die zweite 
doppeltwirkende Verdrangereinrichtung inner- 
halb des zweiten Verdrangerzylinders hin- und 
herbewegbar ist, 

(c) daB ein zweiter Warmeregenerator (190) 
vorgesehen ist, der mit entgegengesetzten End- 
bereichen des zweiten Verdrangungszylinders 
zusammenwirkt und einem zweiten Warmegra- 
dienten ausgesetzt ist, der durch die zweite Tem- 
peratur (T 2 ) und eine dritte Temperatur (T 3 ) 
bestimmt ist, wobei die dritte Temperatur groBer 
ist als die Umgebungstemperatur, und 

(d) daB Mittel (195) vorgesehen sind, die Vor- 
richtung Warme mit der dritten Temperatur 
zufuhren, so daB die Verdrangereinrichtung und 
die Mittel zur Hin- und Herbewegung so betrieben 
werden, daB sowohl ecfe Gastrennung als auch 
eine Kuhlmaschinenfunktion erreicht werden. 

35. Vorrichtung nach Anspruch 33 oder 34, 
dadurch gekennzeichnet, 

(a) daB die zweite doppeltwirkende Verdrange- 
reinrichtung (165) eine groBere Verdrangung hat 
als die erste doppeltwirkende Verdrangereinrich- 
tung (155), so daB sie fur die Anderungen der 
Gasstromung und des Gasdrucks in dem Arbeits- 
volumen dominierend ist. 

36. Vorrichjung nach einem der Anspruche 25 
bis 35, dadurch gekennzeichnet, 

(a) daB die Adsorber/Regeneratorkombination 
(238, 239) einen mittleren Abschnitt (253) auf- 
weist, der zwischen den entgegengesetzten 
ersten (249) und zweiten (256) Endbereichen der 
Regeneratorkombination so angeordnet ist, daB 
der erste (255) und der zweite (256) Abschnitt der 
Regeneratorkombination zwischen dem mittleren 
Abschnitt und dem ersten bzw. dem zweiten 
Endbereich der Regeneratorkombination liegen, 
und 

(b) daB das Arbeitsvolumen einen dritten Raum 
(229) umfaBt, der uber eine Zwischenleitung (231) 
mit dem mittleren Abschnitt verbunden ist, wobei 
die Mittel (208) zur Volumenverschiebung im 
Zusammenwirken mit dem dritten Raum zykli- 
sche Stromungsrichtungsumkehrungen des 
Gases zwischen dem dritten Raum und dem 
mittleren Abschnitt erzeugen. 

37. Vorrichtung nach Anspruch 36, dadurch 
gekennzeichnet, 

(a) daB die Mittel (221) zur Erzeugung der Hin- 



10 



15 



20 



25 



30 



35 



40 



45 



SO 



55 



60 



65 



undH rbewegung mit d n Mitteln (208) zur Volu- 
menverschiebung so zusammenwirken, daB die 
zyklischen Stromungsumkehrungen zwischen 
dem dritten Raum (229) und dem mittleren 
Abschnitt (253) der Regeneratorkombination 
gleichphasig gehalten werden mit den zyklischen 
Stromungsumkehrungen zwischen dem ersten 
Raum (225) und dem ersten Abschnitt (255) der 
Kombination, und 

(b) daB die Mittel (208) zur Volumenverschie- 
bung derart mit dem ersten (227), dem zweiten 
(215) und dem dritten (229) Raum zusammenwir- 
ken, daB die Gasstromung durch den zweiten 
Abschnitt (256) der Kombinatin groBer ist als 
durch den ersten Abschnitt der Kombination. 

38. Vorrichtung nach Anspruch 37, dadurch 
gekennzeichnet, 

(a) daB die Mittel (221) zur Hin- und Herbewe- 
gung mit den Mitteln (208) zur Volumenverschie- 
bung derart zusammenwirken, daB zyklische Gas- 
volumenverschiebungen in der Nahe des ersten 
Endbereichs (249) der Regeneratorkombination 
(238, 239) einen den zyklischen Gasvolumenver- 
schiebungen in der Nahe des zweiten Endbe- 
reichs (252) der Regeneratorkombination voraus- 
eilenden Phasenverschiebungswinkel haben,und 

(b) daB im Bereich des mittleren Abschnitts 
(253) und der Zwischenleitung (231) Isoliermittel 
(255) vorgesehen sind, so daB die Temperatur im 
Bereich des mittleren Abschnitts und der 
Zwischenleitung im Vergleich zu der Temperatur 
an den beiden Enden der Regeneratorkombina- 
tion abgesenkt ist. 

39. Vorrichtung nach einen der Anspruche 25 
bis 38, gekennzeichnet durch 

(a) Mittel zur Herbeifuhrung einer chemischen 
Reaktion in einer Reaktionszone in dem Arbeits- 
volumen, in der das Gasgemisch wenigstens 
einen Reaktionspartner und wenigstens ein Pro- 
dukt der chemischen Reaktion enthalt, wobei 

(b) die Regeneratorkombination (282, 283) so 
ausgebildet ist, daB sie wenigstens eines der 
Produkte adsorbiert und so wenigstens ein Teil 
des Produkts von dem Gasgemisch getrennt wird, 
um die Reaktion ausdem Gleichgewichtzu fuhren 
und hohen Umwandlungsgrad zu erzielen. 

40. Vorrichtung nach Anspruch 39, dadurch 
gekennzeichnet, 

(a) daB zur Erhohung der Reaktionsgeschwin- 
digkeit in der Reaktionszone (274) ein Katalysator 
(308) vorgesehen sind. 

41. Vorrichtung nach Anspruch 39, dadurch 
gekennzeichnet, 

(a) daB die chemische Reaktion eine exotherme 
Reaktion ist und Reaktionswarme erzeugt und 

(b) daB die Reaktionszone in der Nahe des 
ersten Raums (274) des Arbeitsvolumens liegt, 
um dem ersten Raum Warme zuzufuhren und so 
einen Teils der Reaktionswarme in mechanische 
Energie umzuwandeln. 

42. Vorrichtung nach Anspruch 39, dadurch 
gek nnzeichnet, 

(a) daB die chemische Reaktion eine end - 
therme Reaktion ist und 

(b) daB die Reaktionszone in dem zweiten Raum 
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(275) liegt, so da 6 fur die Reaktion benotigte 
Warme durch Warmepumpwirkung aus dem 
ersten Raum in den zw it n transporti rt wird. 

43. Vorrichtung nach Anspruch, g k nnzeichnet 
durch 

(a) eine Kondensatoreinrichtung (302) die mit 
dem zweiten Raum (275) der Vorrichtung so 
zusammenwirkt, daB wenigstens ein Produkt der 
Reaktion verflussigt und so die Trennung des 
Produkts erleichtert wird. 

44. Vorrichtung nach einem der Anspruche 25 
bis 43, dadurch gekennzeichnet, 

(a) daft die Mittel zur Volumenverschiebung 
erste (13, 106, 155, 208, 269) und zweite (11, 106, 
156, 212, 272) Volumenverschiebungseinrichtun- 
gen umfassen, die mit derselben Frequenz und 
kcrrespondierenden Bewegungsampiituden mit 
einem Phasenverschiebungswinkel von etwa 90° 
hin- und herbewegbar sind, wobei die ersten und 
die zweiten Verschiebungsmittei mit dem ersten 
bzw. dem zweiten Raum verbunden sind, und 

(b) daB das Verhaltnis der Bewegungsampiitu- 
den der ersten und zweiten Verschiebungsmittei 
etwa gleich dem Verhaltnis der hoheren Tempe- 
ratur zu der niedrigeren Temperatur der Raume 
ist, wenn diese in Grad Kelvin ausgedruckt 
werden. 

45. Vorrichtung nach einem der Anspruche 25 
bis 44, dadurch gekennzeichnet, 

(a) da& die Regeneratorkombination eine das 
adsorbierende Material (34, 120, 189, 139, 283) 
enthaltende Kammer besitzt, die mit dem Warme- 
regenerator (27, 119, 175, 238, 282) eine Einheit 
bildet. 

Revendications 

1. Procede de separation de constituants d'un 
melange de gaz contenant un premier constituant 
qui est adsorbe plus facilement et un second 
constituant qui est adsorbe moins facilement par 
une matiere adsorbante, le procede comprenant 
les Stapes suivantes: 

('introduction (37, 126, 181, 243, 290) du 
melange de gaz dans un volume de travail ayant 
un trajet de circulation contenant la mature 
adsorbante (34, 120, 189, 239, 283) dispos6e dans 
un lit adsorbant, 

inversion cyclique du sens de circulation du 
melange de gaz suivant le trajet de circulation afin 
que le sens de circulation alterne entre les extre- 
mes opposes du trajet de circulation avec 
variation cyclique de la pression totale du 
melange de gaz entre des limites sup6rieure et 
inferieure de pression dans le volume de travail, 

la coordination simultan6e d'une relation de 
phase entre les variations cycliques de pression et 
les inversions cycliques de circulation dans le lit 
adsorbant afin que le premier constituant soit 
adsorbe pr6f6rentiellement et immobilise par une 
pression accrue appliquSe au lit adsorbant lors- 
que le gaz s'ec ule dans un premier sens (72) et le 
pr mier constituant est pr6f6rentiellement 
desorbe I rsque la pression est r6duite et la 
circulation est invers£e (73), 



('extraction, a proximite d'une premiere extre- 
mity (42, 133, 180, 252, 276) du lit adsorbant, 
d'une premiere fraction gazeuse enrichie en pre- 
mier constituant, et I'extraction, a proximity de 
5 I'extr6mite opposSe (41, 1 18, 174, 255, 273) du lit 
adsorbant, d'une seconde fraction gazeuse 
appauvrie en premier constituant, 

la disposition, dans le trajet de circulation, d'un 
premier (20, 111, 163, 225, 275) et d'un second 
io (15, 19, 113; 165; 208, 215; 275, 277) espace 
places pres des extr§mit6s adjacentes d'une com- 
binaison formant r§gen§rateur, ces espaces etant 
a des temperatures differentes afin que la combi- 
naison formant regenerates soit expos6e a un 
15 gradient thermique, et 

la circulation du courant de gaz dans lesdits 
espaces en serie avec la combinaison formant 
regenerateur, le proc6d6 etant caracteris§ en ce 
qu'il comprend 
20 la disposition, dans le trajet de circulation, d'un 
r£g§n6rateur thermique (27, 119, 175, 238, 282) 
destine a cooperer avec ledit adsorbant afin qu'il 
cr6e une combinaison formant adsorbant-reg£ne- 
rateur (34, 27; 120, 119; 189, 175; 239, 238; 283, 
25 282), 

la circulation, dans la combinaison formant 
adsorbant-r6gen6rateur, du courant qui s'6coule 
le long du trajet de circulation, et 
la creation des variations cycliques de pression 

30 et des inversions cycliques de circulation par des 
premiers deplacements cycliques d'un volume de 
gaz, associes au premier espace (20, 111, 163, 
225, 274) et par des seconds deplacements cycli- 
ques d'un volume de gaz associees au second 

35 espace (15, 19; 113; 165; 208, 215; 275, 277), afin 
que les premiers deplacements cycliques d'un 
volume de gaz aient un angle de phase en avance 
par rapport aux seconds deplacements cycliques 
d'un volume de gaz, si bien que le courant de gaz 

40 est soumis a des inversions cycliques de tempera- 
ture, avec les inversions cycliques de pression et 
de sens, si bien que la separation du gaz en une 
premiere et une seconde fraction est facilitee, et la 
conversion entre l'6nergie thermique et l'6nergie 

45 de compression est facilitee dans le melange de 
gaz. 

2. Proc6de de mise en oeuvre d'une machine a 
cycle modifie de Stirling dans laquelle un volume 
interne de travail contenant un gaz a un trajet de 

so circulation qui comprend un premier espace (20, 
111, 163, 225, 274) et un second espace (15, 19; 
113; 165; 208, 215; 275, 277) et un r6generateur 
thermique (27, 119, 175, 238, 282) place entre les 
espaces, le premier et le second espaces etant a 

55 des temperatures differentes afin que le regenera- 
teur soit expose a un gradient thermique, le 
procede comprenant les etapes suivantes: 

I'inversion cyclique du sens de circulation du 
gaz le long du trajet de circulation afin que le s ns 

so de circulation alterne entre les extr6mites oppo- 
sees du trajet de circulation, et 

la variation cyclique de la pression du gaz entr 
des limites sup6rieure et inf6rieure de pressi n 
dans le volume de travail afin qu'il existe un 

65 relation de phase entre les variations cycliques de 
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pression et les inversions cycliques de circulation 
relatives aux r6g§n6rateurs thermiqu s, le pro- 
cede 6tant caracterise par 

(a) la disposition, entre lesdits espaces, d'un lit 
adsorbant contenant une matfere adsorbante (34, 
120, 189, 239, 283) et destine £ coop6rer avec le 
reg6n6rateurthermiqueafinqu'ils constituent une 
combinaison formant adsorbant-r6gen6rateur, 

(b) ('introduction (37, 126, 181, 243, 290) dans le 
volume de travail, d'un melange de gaz contenant 
un premier constituant qui est adsorb^ plus facile- 
ment par la mati&re adsorbante et un second 
constituant qui est adsorb^ moins facilement par 
la matiere adsorbante, 

(c) la creation des variations cycliques de pres- 
sion et des inversions cycliques de circulation par 
des premiers deplacements cycliques d'un 
volume de gaz associ§s au premier espace (20, 
111, 163, 225, 274) et par des seconds deplace- 
ments cycliques d'un volume de gaz associes au 
second espace (15, 19; 113; 165; 208, 215; 275, 
277) afin que les premiers deplacements cycliques 
d'un volume de gaz presentent un angle de phase 
en avance par rapport aux seconds displacements 
cycliques d'un volume de gaz, 

(d) simultanement, lors de la coordination de la 
relation de phase entre les variations cycliques de 
pression et les inversions cycliques de sens de 
circulation relatives £ la combinaison formant 
regenerates, I'adsorption et I'immobilisation pr§- 
ferentielles du premier constituant sur le lit corn- 
bin 6 par augmentation de la pression lorsque le 
gaz circule dans un premier sens (72) et la 
desorption pr£f6rentielle du premier consituant 
par reduction de la pression lorsque le sens de 
circulation est inverse (73), et 

(e) ('extraction, £ parti r d' une premiere extr6mite 
(42, 133, 180, 252, 276) de la combinaison formant 
regenerates, d'une premiere fraction gazeuse 
enrichie en premier constituant, et I'extraction, de 
I'extr6mite opposee (41, 118, 174, 255, 273) de la 
combinaison formant regenerates, d'une 
seconde fraction gazeuse appauvrie en premier 
constituant, si bien qu'une conversion entre l'6ner- 
gie thermique et l'6nergie de compression est 
aussi obtenue dans le melange de gaz. 

3. Procede selon la revendication 1 ou 2, caracte- 
rise en outre par 

(a) le transport de chaleur du premier espace au 
second espace, le premier espace 6tant £ une 
premiere temperature (T t ) et le second espace 
etant £ une second temperature (T 2 ), et 

(b) I'extraction de la premiere fraction gazeuse 
enrichie en premier constituant de la proximite 
d'une seconde extr6mit<§ (42, 133, 1 80, 252, 276) de 
la combinaison formant regenerates qui est adja- 
c nte au seconde espace, et I'extraction de la 
s conde fraction gazeuse appauvrie n pre mi r 
constituant de la proximite d'une premiere extr6- 
mite (41, 118, 174, 255, 273) de la combinais n 
f rmant regenerates, qui est adjacente au pre- 
mier espace. 

4. Pr cede selon la revendication 1, 2 ou 3, 
caracterise en utre par 

(a) I'extraction de la seconde fraction gazeuse 



appauvrie n c nstituant adsorb^ pr6f6rentielle- 
ment du volume de travail au moment ou la 
pression est approximativement maximale dans le 
cycle, et 

s (b) I'extraction de la premiere fraction gaz use 
enrichie en constituant adsorb^ le plus facilement 
lorsque la pression est approximativement mini- 
male au cours du cycle. 
5. Procede selon Tune quelconque des revendi- 

w cations precedentes, caracterise en outre en ce 
que 

(a) pour la creation des inversions cycliques de 
sens de circulation et des variations de pression 
dans le volume de travail, un premier dispositif 

15 (13, 106, 155, 208, 269) et un second dispositif (11, 
106, 156, 212, 272) de deplacement volumique 
sont d^places en translation afin qu'ils commur.i- 
quent avec le premier espace (20, 111, 163, 225, 
274) et le second espace (15, 19; 113; 165; 208, 

20 215; 275, 277) respectivement pour une premiere 
et une seconde amplitude de deplacement alterna- 
tif respectivement, le rapport des amplitudes des 
deplacements etant approximativement eg a I au 
rapport de la temperature la plus 6lev6e (T,) a la 

25 temperature la plus faible (T 2 ) exprimiees en 
kelvins, et le premier dispositif de deplacement 
volumique & un angle de phase en avance d'envi- 
ron 90° par rapport au second dispositif de depla- 
cement volumique. 

30 6. Proc6d6 selon I'une quelconque des revendi- 
cations precedentes, caracterise en outre par 

(a) la disposition du lit adsorbant (34, 120, 189, 
239, 283) physiquement dans une chambre conte- 
nant le r6g6nerateur thermique (27, 119, 175, 283, 

35 282) afin que la combinaison formant regenera- 
tes forme un ensemble solidaire. 

7. Procede selon I'une quelconque des revendi- 
cations precedentes, dans lequel la combinaison 
formant r6g6n6rateur (27, 34; 119, 120; 175, 189; 

40 238, 239; 282, 283) a une premiere extremity (41, 
118, 174, 255, 273) et une seconde extr6mite (42, 
133, 180, 252, 276) associ6es au premier espace 
(20, 1 1 1 , 1 63, 225, 274) et au second espace (15,19, 
113; 165; 208, 21 5; 275, 277) respectivement, etqui 

45 se caracterise en outre en ce qu'il com pre nd: 

(a) le maintien du premier espace £ une tempe- 
rature superieure £ celle du second espace, 

(b) I'extraction de la premiere fraction gazeuse 
enrichie en premier constituant le plus facilement 

50 adsorbe depuis la proximite de la seconde extr6- 
mite du lit, et I'extraction de la seconde fraction 
gazeuse appauvrie en premier constituant de la 
proximite de la premiere extremite du lit, et 

(c) la transformation d'une certaine quantite de 
55 la chaleur fournie au premier espace en travail 

mecanique ou en travail de compression afin 
qu'un fonctionn m nt d'un cycle moteur soit 
obtenu. 

8. Procede selon I'une quelconque des r vendi- 
€0 cations 1 £ 6, dans lequel la combinaison formant 

regenerates (27, 34; 119, 120; 175, 189; 238, 239; 
282, 283) a une premiere xtr6mite (41, 118, 174, 
255, 273) et un seconde xtremite (42, 133, 180, 
252, 276) qui sont associ6es respectiv ment au 
€5 premier espace et au second espace, t qui est en 
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outre caracterise en ce qu'il comprend 

(a) le maintien du second espace & une tempe- 
ratur supgri ure & cede du premier espace, 

(b) 1'extraction, de la proximity de la seconde 
extremite de la combinaison, de la pr miere 
fraction gazeuse enrichie en premier constituant 
adsorb^ le plus facilement, et ('extraction, de la 
proximite de la premiere extremity de la combi- 
naison, de ia seconde fraction appauvrie en pre- 
mier constituant, et 

(c) ie transport de chaleur du premier espace au 
second a fin qu'un cycle de pompe & chaleur ou un 
cycle de refrigeration soit obtenu. 

9. Procede selon la revendication 8, caracterise 
en outre en ce qu'il comprend 

(a) I'isolement (60) du premier espace (20), de la 
premiere extern it 6 (41) de 'a combinaison for- 
mant regenerates et d'une partie (24, 28) du 
trajet de circulation compris entre le premier 
espace et la premiere extremite afin que de 
basses temperatures puissent etre obtenues h la 
premiere extremite de la combinaison et facilitent 
la separation du gaz. 

10. Procede selon Tune quelconque des reven- 
dications pr^cedentes, caracterise en outre en ce 
qu'il comprend 

(a) la coordination de la relation de phase entre 
les inversions de pression et de courant afin que 
des premiers deplacements cycliques d'un 
volume de gaz soient crees £ proximite d'une 
premiere extremite (118, 174) de la combinaison 
formant r6g6n6rateur (119, 120; 175, 189) avec un 
angle de phase de d6placement en avance de 180° 
par rapport aux seconds deplacements cyciiques 
d'un volume de gaz crees & proximite de la 
seconde extremite opposSe (133, 180) de la com- 
binaison formant regenerates, et le maintien du 
volume de travail & une valeur pratiquement 
constant, et 

(b) la transformation d'une partie de la chaleur 
fournie & I'espace relativement chaud (111, 163) 
en travail de compression par transmission d'au 
moins une fraction gazeuse s6paree & une pres- 
sion eievee par rapport £ la pression £ laquelle le 
melange de gaz est introduit, afin qu'un cycle de 
compresseur thermique soit obtenu. 

11. Procede selon la revendication 1, caracterise 
en outre en ce qu'il comprend 

(a) dans une premiere partie (150) du trajet de 
circulation, la coordination de la relation de phase 
entre les inversions de pression et de sens de 
circulation de mani£re que des premiers deplace- 
ments cycliques d'un volume de gaz soient crees 
£ proximite d'une premiere extremite (174) de la 
combinaison formant regenerates avec un angle 
de phase de d£placement en avance de 180° par 
rapport aux seconds deplacements cycliques d'un 
volume de gaz crees £ proximite de la seconde 
extremite oppos6e de la combinaison, et le main- 
tien du volume de travail de la premiere partie £ 
une valeur pratiquement constante, 

(b) dans une seconde partie (151) du trajet de 
circulation, la disposition d'un second regenera- 
te ur thermiqu (190) et la creation, dans la 
seconde partie du trajet de circulation, d'une 



inversion cyclique du sens de circulation afin que 
le sens de circulation alterne entre les extremes 
opposees du s cond trajet de circulation, et ('ap- 
plication au second regenerates, d'un gradient 

5 thermique tel que la pression du gaz varie cycli- 
quement entre des limites superiese et infe- 
rieure, si bien qu'une seconde relation de phas 
existe dans la seconde partie dans laquelle les 
premiers deplacements cycliques d'un volume de 

w gaz crees & proximite de la premiere extremite du 
second regenerates (190) presentent un angle de 
phase de deplacement en avance de 180° par 
rapport & des seconds deplacements cycliques 
d'un volume de gaz crees pres de la seconde 

15 extremite opposee du second refrigerates, et le 
maintien du second volume de travail a une 
valeur pratiquement constante, et 

(c) la mise en communication de la premiere et 
de la seconde partie (150, 151) du trajet de 

20 circulation afin que la relation voulue de phase 
soit obtenue entre les inversions de sens de 
circulation et les variations de pression de la 
premiere et de la seconde partie de I'appareil, si 
bien que la souplesse est accrue et que les 

25 differences de pression pouvant etre utilisees 
dans un compresseur thermique sont accrues. 

12. Procede selon la revendication 11, caracte- 
rise en outre en ce qu'il comprend 
(a) la disposition, dans la seconde partie (151) 

30 des inversions du trajet de circulation, de plus 
grands volumes de gaz que dans la premiere 
partie (150) du trajet de circulation, si bien que les 
variations de pression de la seconde partie sont 
plus importantes que celles de la premiere partie. 

35 13. Procede selon la revendication 11 ou 12, 
caracterise en outre en ce qu'il comprend 

(a) la formation, dans la combinaison formant 
regenerates (175, 189) de la premiere partie (150) 
et dans le regenerates thermique (190) de la 

40 seconde partie (151), de gradients thermiques 
pratiquement egaux ayant des temperatures 
superieses (T 1f T 3 ) pratiquement egales et des 
temperatures inferieures (T 2 ) pratiquement 
egales, le premier espace (163, 168) de chaque 

45 partie etant expose & la temperature superiese, 
afin qu'un fonctionnement de compresseur ther- 
mique soit obtenu avec une meilleure relation de 
phase. 

14. Procede selon la revendication 11 ou 12, 
so caracterise en outre en ce qu'il comprend 

(a) dans la premiere partie (150) du trajet de 
circulation, la creation d'un gradient thermique 
pour la combinaison formant regenerates (175, 
189) entre des temperatures superiese (T t ) et 

55 inferiese (T 2 ), le premier espace (163) 6tant 
expose & la temperature inferiese, et 

(b) dans la second partie (151) de I'appareil, la 
creation, dans le second regenerates (190) d'un 
second gradient thermique dans lequel le premi r 

eo espace (168) est expose & un troisiem t mp6ra- 
ture (T,) qui est superiese £ la temperature 
superiese (T,) de la premiere partie, si bi n qu'un 
fonctionn ment en refrigerates de Vuilleumier 
ou en pompe £ chaleur est obtenu et permet d s 

65 separations gazeuses £ des temperats s basses. 
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15. Proc6de s Ion la rev ndication 1 ou 2, 
caracterise en outr en ce qu'il compr nd 

(a) la mise en communication avec la combinai- 
son formant reg§n6rateur (238, 239) dans une 
partie interm6diare de combinaison (253) com- 
prise entre la premiere et la seconde extr6mit6 
oppos6e (249, 252) de la combinaison formant 
r§g6nerateur, afin que la premiere et la seconde 
partie (255, 256) de combinaison soient plac6es 
entre la partie intermediate (253) et la premiere et 
la seconde extremity respectivement de la combi- 
naison formant r6g6nerateur, et 

(b) reversion cyclique du sens de circulation au 
niveau de la partie intermediate de combinaison 
afin que le courant circulant dans la premiere et la 
seconde partie de combinaison varie cyclique- 
ment. 

16. Procede selon la revendication 15, caracte- 
rise en outre en ce qu'il comprend 

(a) le maintien des inversions cycliques de 
circulation dans la partie intermediate (253) de 
combinaison en phase avec les inversions cycli- 
ques de circulation par rapport d la premier 
extr6mite (249) de la combinaison formant rege- 
nerates (238, 239), et 

(b) I'inversion cyclique des sens de circulation, 
dans la partie intermediate (253), afin qu'une 
plus grande quantity de gaz circule dans la 
seconde partie de combinaison (256) que dans la 
premiere (255), si bien que recoupment de la 
chaleur dans la partie intermediaire et dans la 
premiere et la seconde partie de combinaison 
permet un gain resultant ou une perte r6sultante 
de chateur dans la partie intermediaire. 

17. Procede selon la revendication 16, caracte- 
rise en ce qu'il comporte en outre 

(a) la coordination de la relation de phase entre 
les inversions cycliques de circulation afin que 
des deplacements cycliques d'un volume de gaz & 
proximite de la premiere extr6mite (249) de la 
combinaison formant regenerates (238, 239) pr§- 
sentent un angle de phase de dSplacement en 
avance par rapport aux deplacements cycliques 
d'un volume de gaz prds de la seconde extr£mit6 
de la combinaison formant r6g6n6rateur, et 

(b) la disposition d'une isolation (259) pr6s de la 
partie intermediate (253) et des conduits associ£s 
(231) afin que la temperature £ proximity de la 
partie intermediate et aux conduits assoctes soit 
inf6rieure aux temperatures aux deux extr6mit6s 
(293, 252) de la combinaison formant regenera- 
tes. 

18. Procede selon la revendication 1 ou 2, 
caracterise en outre en ce qu'il comprend 

(a) ('execution d'une reaction chimique dans 
une zone r6actionnelle, le melange de gaz com- 
prenant au moins un reactif et au moins un 
produit de la reaction, I'un d'eux etant adsorbe 
preferenti llement sur la mattere adsorbante, 

(b) la separation du reactif et du produit par 
pompage parametrique sur la matidre adsorbante 
afin que la reaction soit deplacee vers une conver- 
si n eievee, et 

(c) le transport de chaleur, par rapport & la zone 
reactionnelle, afin que la temperature de cette 



zone r6actionnelle soit maTtris6e. 

19. Procede selon la revendication 1 ou 2, 
caracterise en outre en ce qu'il comprend 

(a) l'ex6cution d'une reaction chimique dans 
5 une zone reactionnelle, le melange de gaz com- 

prenant au moins un r6actif de la reaction, au 
moins un produit voulu d'un reaction chimique 
vouiue, et au moins un produit indesirable d'une 
reaction secondare, I'un des produits etant 
10 adsorbe pref6rentiellement sur la matiere adsor- 
bante, 

(b) le transport, par pompage parametrique, du 
produit voulu £ distance de la zone reactionnelle 
afin que le maintien hors d'equilibre voulu de la 

75 reaction soit facilite et facilite I'obtention d'un 
rendement eieve de conversion en produite 
voulu, et 

(c) le pi6geage, par pompage parametrique, du 
produit indesirable present dans la zone r6action- 

20 nelle afin que le retardement de la reaction 
indesirable d proximite de requilibre soit facilite 
et que la transformation en produit indesirable 
soit reduite. 

20. Proc6de selon la revendication 18 ou 19, 
25 caracterise en outre en ce qu'il comprend 

(a) la disposition d'un catalyseur (308) dans la 
zone reactionnelle (274) afin que la vitesse de la 
reaction soit accrue. 

21. Proc6d6 selon la revendication 18 ou 19, 
30 caracterise en outre en ce que 

(a) la reaction chimique est exothermique t 
degage de la chaleur de reaction, 

(b) la zone reactionnelle est plac6e pres du 
premier espace (274) afin que la chaleur de 

35 reaction s'ajoute & la chaleur presente dans le 
premier espace et facilite le fonctionnement n 
moteur thermique. I. 

22. Procede selon la revendication 18 ou 19, 
caract6ris6 en outre en ce que 

40 (a) la reaction chimique est endothermique et 
adsorbe de la chaleur de reaction, et 

(b) la zone reactionnelle est placee pres du 
second espace (275) afin que la chaleur n6ces- 
saire h la reaction soit transportee k partir du 

45 premier espace. 

23. Procede selon la revendication 18 ou 19, 
caracterise en outre en ce qu'il comprend 

(a) la liquefaction d'au moins un produit de la 
reaction dans un espace refroidisseur (277) de 
so I'appareil afin que la separation du produt s it 
facilitee. 

24. Procede selon la revendication 1 ou 2, 
caracterise en outre par . 

(a) le transfert de chaleur entre des parties de la 
55 combinaison formant r6g6n6rateur (27, 34; 119, 
120; 282, 283) et le courant de gaz vers le 
dispositif d'entree (37, 126, 290) ou le dispositif de 
sortie (48, 125). 

25. Appar il (10, 102, 148, 201, 266) de s6para- 
60 tion de constituents d'un melange contenant un 

premier constituant qui st adsorbe plus facile- 
ment et un second constituant qui est moins 
facilement adsorbe par une mati&re adsorbante 
(34, 120, 189, 239, 283), I'appareil comprenant un 
65 corps ayant un volume interne de travail qui 
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comporte un premier espace (20 # 111, 163, 225, 
274) et un second espace (15, 19; 113; 165; 215, 
227; 275, 277), un trajet de circulation reliant le 
premier espace au s cond, et un lit adsorbant 
contenant la matiere adsorbante qui est place 
dans le trajet de circulation entre lesdits espaces, 
un dispositif d'entrSe (37, 126, 181, 243, 290) 
destine a admettre un melange de gaz dans le 
volume de travail, et une dispositif de sortie (45, 
48; 125, 138; 183; 187; 247, 248; 284, 285) des- 
tine a evacuer du gaz de la proximite des extre- 
mes opposes (41, 42; 118, 133; 174, 180; 255, 
256; 273, 276) du lit adsorbant, un dispositif (13, 
11; 106; 155, 156; 208, 212; 269, 272) de deplace- 
ment voiumique associe au premier et second 
espace, un dispositif (35, 110, 162, 221, 281) de 
deplacement alternatif cooperant avec le disposi- 
tif de deplacement en volume afin qu'il cree des 
variations cycliques de la pression totale et des 
inversions cycliques du sens de circulation du 
gaz, le dispositif de deplacement alternatif deter- 
minant la relation de phase entre les variations 
cycliques de pression dans le gaz et les sens de 
circulation du gaz sur le lit adsorbant, si bien que 
le courant a pression r6duite circulant sur le lit 
adsorbant vers le premier espace est enrichi en 
premier constituant le plus facilement adsorbe 
alors que le courant en sens inverse a pression 
acccue le long du lit adsorbant vers I'espace 
oppose est appauvri en premier constituant plus 
facilement adsorbe, I'appareil etant caracteris6 
en outre en ce qu'il comprend 

(a) un regenerates thermique (27, 119, 175, 
238, 282) cooperant avec le lit adsorbant et des- 
tine a cr6er une combinaison formant adsorbant- 
regen6rateur (27, 34; 119, 120; 175, 189; 238, 
239; 282, 283) place dans le trajet de circulation 
entre les espaces afin qu'il regoive le courant qui 
circule le long du trajet de circulation, 

(b) un dispositif destine a maintenir le premier 
et le second espace a des temperatures diff6- 
rentes (T 1f T 2 ) afin que la combinaison formant 
regenerates soit exposee a un gradient thermi- 
que et que le courant de gaz soit soumis a des 
inversions cycliques de temperature avec les 
inversions cycliques de pression et de sens de 
circulation, si bien que la separation du melange 
gazeuux en une premiere fraction gazeuse enri- 
chie en premier constituant et une seconde frac- 
tion gazeuse enrichie en second constituant est 
facilitee, et 

(c) le dispositif de deplacement alternatif (35, 
110, 162, 221, 281) cooperant avec le premier et 
le second dispositif de deplacement voiumique 
afin que les dispositifs de deplacement se d6pla- 
cent en translation a la m§me frequence, et que 
le volume de gaz d6plac6 par la premier disposi- 
tif d deplacement voiumique soit en avance par 
rapport au volume de gaz d6plac6 par le second 
dispositif de deplacement voiumique d'un angle 
de phase compris entr 0 et 180°. 

26. Appareil (10, 102, 148, 201, 266) qui r s- 
semble a un machine a cycle modifie de Stir- 
ling, I'appareil comprenant un corps ayant un 
volume interne de travail qui comporte un pre- 



mier espace (20, 111, 163, 225, 274) et un second 
espace (15, 19; 113; 165; 215, 227; 275, 277), un 
trajet de circulation de gaz reliant le premier et le 
second espaces, un regenerates thermique (27, 

s 119, 175, 238, 282) place dans le trajet de circula- 
tion entre le premier et le second espaces le 
premier et le second espace etant a des tempera- 
tures diffe rentes (T t , T 2 ) afin que le regenerates 
soit expose a un gradient thermique, un premier 

io dispositif (13, 106, 155, 208, 269) et un second 
dispositif (11, 106, 156, 212, 272) de deplacement 
voiumique communiquant avec le premier et le 
second espaces respectivement, des dispositifs 
de deplacement alternatif (35, 110, 162, 221, 281) 

75 cooperant avec le premier et le second disposi- 
tifs de deplacement voiumique afin que le pre- 
mier et le second dispositifs de deplacement 
voiumique se deplacent en translation a la meme 
frequence et creent des variations cycliques de la 

20 pression totale et du sens de circulation du gaz, 
des dispositifs de deplacement en translation 
determinant un angle de phase entre les varia- 
tions cycliques de la pression dans le gaz et les 
sens de circulation du gaz sur ie regenerates, 

25 I'appareil etant caracterise par 

(a) un lit adsorbant contenant une matiere 
adsorbante (34, 120, 189, 239, 283) cooperant 
avec le regenerates thermique pour la creation 
d'une combinaison formant adsorbant-regenera- 

30 teur (27, 34; 119, 120; 175, 189; 238, 239; 282, 
283) placee entre les premier et second espaces, 

(b) le gaz etant un melange de gaz contenant 
un premier constituant qui est plus facilement 
adsorbe et un second constituant qui est moins 

35 facilement adsorbe par la matiere adsorbante, 

(c) un dispositif d'entree (37, 126, 181, 243, 
290) destine a admettre le melange de gaz dans 
le volume de travail, et un dispositif de sortie (45, 
48; 125, 138; 183, 187; 247, 248; 284, 285) des- 

40 tine a evacuer des fractions gazeuses des extre- 
mites opposees de la combinaison formant rege- 
nerates, 

(d) le dispositif de deplacement alternatif sou- 
mettant le courant de gaz a des inversions cyclt- 

45 ques de pression et de sens afin qu'un courant a 
pression reduite d'une premiere fraction gazeuse 
circulant sur la combinaison formant regenera- 
tes vers le premier espace soit enrichi en pre- 
mier constituant plus facilement adsorbe et soit 

so evacue par un dispositif de sortie, qu'un courant 
a pression accrue de la seconde fraction gazeuse 
circulant sur la combinaison formant regenera- 
tes vers I'espace restant soit appauvri en pre- 
mier constituant plus facilement adsorbe, et que 

55 la seconde fraction de gazeuse soit retiree par un 
autre dispositif de sortie, et 

(e) les dispositifs de deplacement en transla- 
ti n (35, 110, 162, 221, 281) cooperant avec le 
premier et le second dispositifs de d6plac ment 

60 v lumique afin que les dispositifs de deplace- 
ment se deplacent en translati n a la m§me 
frequence et que le volume de gaz d6plac6 par le 
premi r dispositif de deplacement voiumique 
soit en avance par rapport au volume de gaz 

65 d6place par le s cond dispositif de deplacement 



71 



EP 0143 537 B1 



72 



volumiqu d'un angle de phase compris entre 0 
et 180°. 

27. Appareil selon la revendication 25 ou 26, 
caracterise en outre en ce que les dispositifs de 
deplacement volumique comprenant le premier 
dispositif (13, 106, 155, 208, 269) et le second 
dispositif (11, 106, 156, 212, 272) de deplacement 
en volume communiquent avec le premier et le 
second espaces respectivement. 

28. Appareil selon la revendication 25, 26 ou 27, 
caracterise en outre par 

(a) un dispositif de commande (57, 140) destine 
a cooperer avec une soupape de sortie (43, 46; 
123; 129; 139; 184, 188; 250, 251) afin que la 
seconde fraction gazeuse appauvrie en consti- 
tuant le plus facilement adsorbe soit extraite de la 
proximite du premier espace a un moment ou la 
pression est approximativement maximale dans 
le cycle, et que la premiere fraction gazeuse 
enrichie en constituant le plus facilement adsorbe 
soit extraite de la proximite du second espace 
lorsque la pression est approximativement mini- 
male pendant le cycle. 

29. Appareil selon Tune des revendications 25 a 
28, caracterise en outre par 

(a) des echangeurs de chaleur auxiliaires (50, 
121, 296) places dans la combinaison formant 
regenerateur (27, 34; 119, 120; 282, 283) et des- 
tines a transferer de la chaleur entre des parties 
de la combinaison formant regenerateur et du 
courant de gaz, vers le dispositif d'entree ou le 
dispositif de sortie. 

30. Appareil selon Tune quelconque des reven- 
dications 25 a 29, caracterise en outre en ce que 

(a) les dispositifs de deplacement en translation 
(35) cooperent avec les dispositifs de deplace- 
ment volumique (11, 13) afin que de la chaleur 
soit pompee du premier espace (20) au second 
espace (15, 19), et 

(b) un dispositif d'isolation thermique (60) coo- 
pere avec le premier espace afin qu'il permette 
une -reduction de la temperature du premier 
espace et permette ainsi la separation du gaz a 
une temperature reduite. 

31. Appareil selon Tune quelconque des reven- 
dications 25 a 30, caracterise en outre par 

(a) un dispositif destine d maintenir la tempera- 
ture (T,) du premier espace (20, 225, 274) d une 
valeur superieure a la temperature (T 2 ) du second 
espace (15, 19; 215, 227; 275, 277), et 

(b) un dispositif de conversion de travail (11, 
212, 272) destine a cooperer avec le premier et le 
second espaces afin qu'il transforme partielle- 
ment la chaleur a la temperature relativement 
elevee en travail mecanique ou en compression 
de maniere que I'appareil fonctionne aussi en 
moteur. 

32. Appareil selon la revendication 25, caracte- 
rise n outre en ce que 

(a) les dispositifs de deplacement volumique 
sont des dispositifs d double effet (106, 155), si 
bien que Tangle de phase des premier et des 
second deplacements volumiques est de 180°, 

(b) un cylindre de deplacement (104, 153) coo- 
pere avec les extremites opposees (118, 133; 174, 



180) de la combinaison formant regenerateur et 
avec le dispositif de deplacement h double effet, 
si bien que le dispositif de deplacement a double 
effet s6pare le premier espace (111, 163) du 

5 second espace (113, 165), et 

(c) la temperature (T,) du premier espace (111, 
163) est superieure a la temperature (T 2 ) du 
second espace (113, 165) afin que I'appareil fonc- 
tionne en compresseur thermique. 

w 33. Appareil selon la revendication 32, caracte- 
rise en ce que 

(a) le gradient thermique de la combinaison 
formant regenerateur (175, 189) est determine par 
une premiere temperature (TO et une seconde 

15 temperature (T 2 ) associees au premier espace 
(163) et au second espace (165) respectivement, la 
combinaison formant regenerateur et le cylindre 
de deplacement constituant une premiere partie 
(150) du trajet de circulation, 

20 (b) une seconde partie (151) du trajet de circula- 
tion a un second dispositif de deplacement d 
double effet (156) et un second cylindre de depla- 
cement (1 54), le second dispositif de deplacement 
a double effet etant mobile en translation dans le 

25 second cylindre de deplacement, 

(c) un second regenerateur thermique (190) 
coopere avec les extremites opposees du second 
cylindre de deplacement et est expose k un 
second gradient thermique delimite par la 

30 seconde temperature <T 2 ) et une troisieme tempe- 
rature (T 3 ), la troisidme temperature etant prati- 
quement egale d la premiere temperature, et 

(d) un dispositif k conduits (172) reliant la 
premiere et la seconde parties (150, 151) du trajet 

35 de circulation, et le premier et le second disposi- 
tifs de deplacement h double effet cooperent av c 
les dispositifs de deplacement en translation afin 
qu'iis travaillent avec un angle de phase qui 
coordonne les variations cycliques de pression t 

40 les inversions de sens du courant de gaz le long 
de la combinaison formant regenerateur afin que 
la separation des constituants soit facilitee. 

34. Appareil selon la revendication 32, caracte- 
rise en outre en ce que 

45 (a) le gradient thermique de la combinaison 
formant regenerateur est determine par une pr - 
miere temperature (T,) et une seconde tempera- 
ture (T 2 ) associees au premier espace (163) et au 
second espace (165) respectivement, la seconde 

so temperature etant proche de la temperature 
ambiante, 

(b) une seconde partie (151) du trajet de circula- 
tion a un second dispositif de deplacement a 
double effet (156) et un second cylindre de depla- 

55 cement (1 54), le second dispositif de deplacement 
a double effet pouvant se deplacer en translation 
dans le second cylindre de deplacement, 

(c) un second regenerateur thermique (190) 
communique avec les extremites opposees du 

60 second cylindre de deplacement et est expose a 
un second gradi nt thermique delimite par la 
seconde temperature (T 2 ) et une troisieme t mpe- 
rature (T 3 ) qui est superieure a la t mperature 
ambiante, et 

65 (d) un dispositif destine a transmettre d la 
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chai ur (195) & I'appareil & la troisieme tempera- 
ture afin que les dispositifs de deplacement voiu- 
mique et les dispositifs dedeplac m men transla- 
tion soient entraines d'une matier telle que d s 
f ncti ns de s6parati n de gaz et de refrig6rati n 
soient obtenues simultanement. 

35. Appareil selon la revendication 33 ou 34, 
caracterise en outre en ce que 

(a) le second dispositif de deplacement a double 
effet (165) a une deplacement superieur a celui du 
premier dispositif de deplacement a double effet 
(155) afin quit predomine pour la determination 
des variations de de^bit de gaz et de pression dans 
le volume de travail. 

36. Appareil selon Tune quetconque des reven- 
dications 25 a 35, caracterise en outre en ce que 

(a) la combinaison formant adsorbant-regenera- 
teur (238, 239) a une partie intermediate de 
combinaison (253) placee entre une premiere 
extremite (249) et une seconde extremite (256) 
opposee de la combinaison formant regenerateur 
afin que la premiere partie (255) et la seconde 
partie (256) de combinaison soient placees entre la 
partie intermediate de combination et la premiere 
ou la seconde extr6mite de la combinaison for- 
mant regenerateur respectivement, et 

(b) le volume de travail a un troisieme espace 
(229) qui communique avec la partie intermediate 
par un conduit intermediate (231), et les disposi- 
tifs de deplacement voiumique (208) cooperent 
avec le troisieme espace afin qu'ils provoquent 
des inversions cycliques de sens de circulation du 
gaz entre le troisieme espace et la partie interme- 
diate. 

37. Appareil selon la revendication 36, caracte- 
rise en outre en ce que, 

(a) les dispositifs de deplacement en translation 
(221) cooperent avec les dispositifs de deplace- 
ment voiumique (208) afin qu'ils maintiennent les 
inversions cycliques de circulation entre le troi- 
sieme espace (229) et la partie intermediate (253) 
de la combinaison en phase avec les inversions 
cycliques du courant forme entre le premier 
espace (225) et la premiere partie (255) de combi- 
naison, et 

(b) les dispositifs de deplacement en volume 
(208) cooperent avec le premier espace (227), le 
second espace (215) et le troisieme espace (229) 
afin que le debit de gaz dans la seconde partie de 
combinaison (256) soit superieur au debit dans la 
premiere partie de combinaison. 

38. Appareil selon la revendication 37, caracte- 
rise en outre en ce que 

(a) les dispositifs de deplacement en translation 
(221) cooperent avec les dispositifs de deplace- 
ment voiumique (208) afin que les d6placements 
cycliques de volume de gaz a proximite de la 
premiere extremite (249) de la combinaison for- 
mant regenerateur (238, 239) aient un angle de 
phase de deplacement en avance par rapport aux 
deplacements cycliques de volum de gaz a 
proximite de la s conde extremite (252) de la 
combinaison formant regenerateur, et 

(b) un dispositif d'isolation (255) est adjacent a la 
partie int rm6diaire (253) et au conduit interme- 



diate (231) afin que la temperature a proximite de 
la partie intermediate et du conduit intermediate 
soit abaissee par rapport a la temperature aux 
deux extremites de la combinaison formant rege- 
5 nerateur. 

39. Appareil selon Tune quelconque des reven- 
dications 25 a 38, caracterise en outre en ce que 

(a) un dispositif est destine a assurer une 
reaction chimique dans une zone reactionnell 

10 (274) du volume de travail, le melange de gaz 
comprenant au moins un r6actif et au moins un 
produit de la reaction chimique, et 

(b) la combinaison formant regenerateur (282, 
283) est destinee a adsorber Tun au moins des 

is produits afin qu'elle s6pare au moins une partie du 
produit du melange de gas et mette la reaction 
hors d'equilibre et donne une conversion eievee. 

40. Appareil selon la revendication 39, caracte- 
rise en outre par 

20 (a) un catalyseur (308) place dans la zone 
reactionnelle (274) afin que la vitesse de reaction 
soit accrue. 

41. Appareil selon la revendication 39, caracte- 
rise en outre en ce que 

25 (a) la reaction chimique est exothermique, et 
(b) la zone reactionnelle est placee pr6s du 
premier espace (274) du volume de travail afin que 
de la chaleur soit fournie au premier espace, si 
bien qu'une partie de la chaleur de reaction est 

30 transformee en energie mecanique. 

42. Appareil selon la revendication 39, caracte- 
rise en outre en ce que 

(a) la reaction chimique est endothermique, et 

(b) la reaction est localisee dans le second 
35 espace (275) afin que la chaleur necessaire a la 

reaction soit transportee depuis le premier espace 
vers le second espace par une action de pompe a 
chaleur. 

43. Appareil selon la revendication 39, caracte- 
40 rise en outre par 

(a) un dispositif condensateur (302) cooperant 
avec le second espace (275) de I'appareil afin 
qu'un produit au moins de la reaction soit liquefie, 
si bien que la separation du produit est facilit6e. 
45 44. Appareil selon Tune quelconque des reven- 
dications 25 & 43, caracterise en outre en ce que 

(a) les dispositifs de deplacement voiumique 
comprennent un premier dispositif (13, 106, 155, 
208, 269) et un second dispositif (11, 106, 156, 212, 

so 272) de deplacement en volume qui sont destines 
a se deplacer en translation a la m§me frequence 
et avec des amplitudes respectives de d6plac - 
ment alternatif telles que Tangle de phase de 
deplacement est d'environ 90°, le premier et le 

55 second dispositifs de deplacement communi- 
quant avec le premier et le second espaces 
respectivement, et 

(b) le rapport des amplitudes des deplacements 
du premier t du sec nd dispositifs de d6plac - 

60 ment est appr ximativement 6gal au rapport de la 
temperature la plus eievee a la temperature la 
moins eievee desdits espaces, exprim6es en kel- 
vins. 

45. Appareil selon Tune quelconque des reven- 
€5 dications 25 a 44, caracterise en outre en ce que 
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(a) la combinaison formant reg6n6rateur a un 120, 189. 239, 283) qui est solidaire du r6g6n6ra- 

chambre contenant la matiere ads rbant (34, teur th rmique (27, 119, 175, 238, 282). 
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FIG. I 
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FIG. 5 
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FIG. 7 
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